The reactivity of rare-earth metallocenes towards alkynes:mechanism and synthetic applications by Quiroga Norambuena, Victor
  
 University of Groningen
The reactivity of rare-earth metallocenes towards alkynes
Quiroga Norambuena, Victor
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2006
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Quiroga Norambuena, V. (2006). The reactivity of rare-earth metallocenes towards alkynes: mechanism
and synthetic applications. [Groningen]: s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
The oligomerization of phenylacetylene catalyzed by rare-earth metallocenes 
101 







Ia                            Ib                       Ic







IIa                                    IIb  




The high atom efficiency renders the direct coupling of two 1-alkynes to produce but-1-en-3-ynes (I) 
or butatrienes (II) a highly attractive process (Scheme 4-1).1 The dimerization of 1-alkynes is catalyzed by 
various well-defined organometallic complexes of early2, first-row3 and late transition metals4 as well as by 
complexes of lanthanides5 and actinides.6 However, applications based on the linear dimerization of substituted 
1-alkynes are still in their infancy, due to the lack of control of chemo-, stereo- and regioselectivity.7 Enynes are 
organic molecules of both practical and fundamental interest, as they represent valuable intermediates in organic 
synthesis8 and are applied in the preparation of both natural products9 and optoelectronic materials.10 
The factors that affect the selectivity of catalytic dimerization have been found to depend highly on 
both the steric and electronic properties of the alkyne substituent and the nature of the catalyst. Exclusive 
formation of a single isomer has been achieved only with a few catalysts.11,12 The catalytic dimerization of 
aromatic 1-alkynes has attracted considerable interest recently and a survey of the reported catalytic behavior 
towards phenylacetylene places the permethyllanthanocene alkyl derivative Cp*2LaCH(SiMe3)2 among the most 
active and selective (pre)catalysts for the formation of the trans-head-to-head dimer (Ia).13  
From the desire to apply the rare-earth metallocene-catalyzed, linear dimerization of aromatic 1-
alkynes to substituted (hetero)aromatic and bifunctional substrates in order to prepare novel (cross-)conjugated 
oligomers (Chapter 5) and polymers (Chapter 6), it was considered of interest to investigate the scope and 
selectivity of these reactions. In this chapter, the rare-earth metallocene-catalyzed oligomerization of 
phenylacetylene is described, including the influence of metal ion radius, ancillary ligation and substrate 
concentration on the rate and selectivity. The reaction kinetics, the identification of reaction intermediates and 
the reactivity of these reaction intermediates are also discussed. A plausible mechanistic scenario is proposed to 
account for the observed behavior. 
4.2. Catalytic oligomerization of phenylacetylene 
4.2.1. Introduction 
 
Many well-defined rare-earth metal complexes are known to catalyze the dimerization of 
phenylacetylene (Table 4-1 and Scheme 4-2), but efforts to extend this reaction to other (hetero)aromatic 1-
alkynes have not yet been reported.14 Besides the scope, the regioselectivity is also of concern in the present 
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context, as the selective formation of the head-to-head dimer will result in the formation of conjugated oligomers 
and/or polymers, whereas catalysts favoring the formation of the head-to-tail dimer are expected to produce 
cross-conjugated oligomers and/or polymers. It should also be noted that other well-defined rare-earth metal 
complexes, such as Cp*2ScR5a (R = H, Me), Cp*Ce[CH(SiMe3)2]215 and Cp*(OAr)YCH(SiMe3)25c (Ar = 
C6H3tBu2-2,6), have been reported to be active catalysts for the dimerization of alkyl- and silyl-substituted 1-
alkynes, but their reactivity towards aryl-substituted 1-alkynes is not documented. It can be seen that the alkyl 
derivative Cp*2LaCH(SiMe3)2 (5D) represents the most active and selective (pre)catalyst for the trans-head-to-
head dimeriation of phenylacetylene (12a) among the reported well-defined rare-earth metal complexes that are 
active for the catalytic dimerization of phenylacetylene (Table 4-1). 
Several studies have been dedicated to aspects relevant to the mechanism of the lanthanidocene-
catalyzed 1-alkyne oligomerization (Section 4.3).16 The catalytically active species is presumed to be a 
monomeric alkynyl derivative, which undergoes alkyne insertion and subsequent protonolysis by the 1-alkyne to 
yield but-1-en-3-ynes. The relative formation of the head-to-tail (11) and trans-head-to-head dimer (12) is 
believed to be determined by the regioselectivity of alkyne insertion into the carbon-metal bond of the alkynyl 
derivative, while the factors determining the formation and nature of higher oligomers is presently not 
understood. The monomeric alkynyl derivatives are unstable and form dimers with bridging alkynyl ligands. In 
some cases, these dimeric alkynyl derivatives undergo intramolecular C-C coupling to afford 1,4-disubstituted 
butatriene-1,4-diyl derivatives (Cp’2Ln)2(µ-η2:η2-RC=C=C=CR).16  
4.2.2. Influence of the precatalysts  
 
Earlier it was observed that phenylacetylene (2a) was converted catalytically by rare-earth 
metallocene alkyl derivatives Cp*2LnCH(SiMe3)2 into mixtures of 2,4-diphenylbut-1-en-yne (11a), (E)-1,4-
diphenylbut-1-en-yne (12a) and trimers (Table 4-1). The product mixtures reported for the Cp*2Ln-type (Ln = 
Lu, Y, Pr, Ce, La) precatalysts show that the relative formation of the desired trans-head-to-head dimer (12a) 
increases with the ionic radius of the metal (Figure 4-1).17 Although the details of the experimental conditions 
are not known for all reactions considered (viz. 5B and 6), the present study reveals that the substrate-to-catalyst 
molar ratio affects the relative formation of dimers versus trimers, but not the regioselectivity of dimerization 
(Section 4.2.4). Based on the reported data, no clear-cut correlation is observed for the ionic metal radius and the 
degree of oligomerization and more experimental data are needed to investigate this issue. Even so, it is believed 
that the reported data for the Cp*2Ln-type precatalysts provide reasonable evidence that the lanthanum-based 
precatalyst Cp*2LaCH(SiMe3)2 (5D) represents the most selective and active catalyst for the formation of the 
trans-head-to-head dimer (12a) within the available size range of rare-earth metals. 
Scheme 4-2. Well-defined rare-earth metal complexes that are reported to be active in the catalytic 
oligomerization of phenylacetylene. 
 
5A : Ln = Y
5B : Ln = Pr
5C : Ln = Ce
5D : Ln = La
6 7
8Aa : Ln = Y; R = Ph; n = 2
8Ea : Ln = Yb; R = Ph; n = 2
8Fa : Ln = Lu; R = Ph; n = 2
8Fb : Ln = Lu; R = C6H3Me2-2,6; n =1
8Fc : Ln = Lu; R = C6H2Me3-2,4,6: n = 1
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Apart from the report that a 100-fold molar excess of phenylacetylene was converted within 10 min at 
room temperature by 5C-D, the effect of metal size on the rate of substrate conversion has not been addressed by 
previous investigations. Thus, experiments with Cp*2YCH(SiMe3)2 (5A) and Cp*2LaCH(SiMe3)2 (5D) were 
conducted in benzene-d6 with a 50-fold molar excess of phenylacetylene to shed more light on this issue. The 
La3+ and Y3+ metal ions correspond to the largest and middle size, respectively, of the available size range of the 
rare-earth metals and are both diamagnetic, thereby allowing the convenient use of NMR spectroscopy.17 
In accord with previous observation, the complete conversion of phenylacetylene took place within 
10 min at room temperature for the reaction catalyzed by 5D. Three Cp* 1H NMR resonances were observed 
after substrate conversion, assigned to [(Cp*2La)2(µ-PhC4Ph)] (δ 2.04 ppm), Cp*2LaC(Ph)=C(H)CCPh (δ 1.97 
ppm) and Cp*2LaC(H)=C(Ph)CCPh (δ 1.92 ppm), present in a 1.0:1.4:1.3 ratio, respectively. Their identification 
is discussed in Sections 4.3.2-4.3.3. The analogous reaction catalyzed by 5A was significantly slower, as 
complete substrate conversion was achieved only after 2.5 h at room temperature. In this case, only one Cp* 1H 
NMR resonance was observed during and after substrate conversion. The relatively slow substrate conversion 
Table 4-1. The product mixtures obtained for the oligomerization of phenylacetylene catalyzed by rare-
earth metal complexes. 
Ph









Entry (Pre)catalyst 11a 12a 13a Oligomers Ref. 
1 5A 89 11   5f,g 
2 5B  73  27 5i 
3 5C  82  18 5f,g 
4 5D  86  14 5f,g 
5 6 96 4   5i 
6 7 100    5c 
7 8Aa   89  5h 
8 8Ea   92  5h 
9 8Fa   100  5h 
10 8Fb   100  5h 
11 8Fc   100  5h 
12 8Fd   72  5h 
13 9   99  5j 
























Figure 4-1. The reported relative amount of oligomers, formed from the reaction of the rare-earth 




allowed for the use of in situ 1H NMR spectroscopy to follow substrate conversion in time (Figure 4-2). 
Normalization of the acetylenic proton resonance of the substrate against CH2(SiMe3)2, formed from quantitative 
and rapid protonolysis of 5A (Section 4.3.3), indicated that the rate of reaction was first-order in substrate for at 
least 3.5 half-lives (R2 = 0.9971, kobs = 4.49(7) M-1·min-1). The details of the kinetic analysis and the mechanistic 
consequences are postponed to a later section (Section 4.4.4). 
The relative amount of products was determined by in situ 1H NMR spectroscopy and their structures 
are depicted in Table 4-2 (for more details see Section 4.2.3). It can be seen that the present data support the 
above conclusion that the preference for trans-head-to-head dimerization is favored by a relatively large metal 
ion radius. The pronounced effect on the regioselectivity of dimerization is remarkable upon substituting the 
lanthanum metal center in 5D with the smaller yttrium metal center. The smaller relative amount of trimers 
formed relative to previous reported data (Table 4-1) can be ascribed to the smaller substrate-to-catalyst ratios 
employed in the present study. The effect of substrate-to-catalyst molar ratios on the selectivity of the present 
oligomerization reaction is discussed in Section 4.2.4.   
Structurally, a considerable opening of the metal coordination sphere at the σ-ligand equatorial girdle 
is obtained by replacing the bis(pentamethylcyclopentadienyl) ligation in Cp*2LnR by the ansa-ligation 
Me2SiCp”2LnR (Cp” = C5Me4) and many examples exist in literature where this ligand transposition has led to 
substantial effects on the rate and selectivity of reactions catalyzed by rare-earth metallocenes.18 Because the 
formation of the desired trans-head-to head dimer 12 was found to be favored by more open metal coordination 
spheres in the (pre)catalysts of the type Cp*2LnR, it was considered of interest to study the effect of opening the 
metal coordination sphere of Cp*2LaCH(SiMe3)2 (5D) by the use of the (pre)catalyst Me2SiCp”2CeCH(SiMe3)2 
(14C).  
No catalytic activity was observed for the reactions of 14C and excess phenylacetylene (50-100 
equiv.). Instead, precipitation of the organometallic species took place. The solid was isolated and allowed to 
react with D2O in benzene-d6. Subsequent NMR and GC/GC-MS analysis indicated that phenylacetylene-d1 was 
the major product, suggesting the formation of insoluble alkynyl derivatives in the reaction of 14C with 
phenylacetylene. On the basis of infrared spectral analysis, a similar explanation was previously put forward to 
account for the absence of catalytic activity in the reaction of 14C with an excess amount of tert-
butylacetylene.16a  
Interestingly, substitution of the bis(pentamethylcyclopentadienyl) ligation in Cp*2YCH(SiMe3)2 
(1A) by the silylene-bridged ligation Me2SiCp”2 did result in the anticipated increased preference for trans-head-
to-head dimerization over head-to-tail dimerization, albeit at a considerably slower rate and accompanied by 
significant trimerization. When Me2SiCp”2YCH(SiMe3)2 (14A) was allowed to react with a 50-fold molar excess 
of phenylacetylene, complete substrate conversion was achieved only after 40 h at room temperature. Substrate 
conversion was followed in time by monitoring the intensity of the acetylenic proton resonance of the substrate 
by means of normalized, in situ 1H NMR spectroscopy. The kinetic data obtained after 12 h (corresponding to 
50% substrate conversion) indicated that the rate was zero-order in substrate (R2 = 0.9929, kobs = 54.4(4) × 10-3 
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Entry Precatalyst 11a 12a 15a 16a 
1 Cp*2YCH(SiMe3)2 (5A) 93.7 5.2 0.4 0.7 
2 Cp*2LaCH(SiMe3)2 (5D) 0.1 97.8 0.5 1.6 
3 Me2SiCp”2YCH(SiMe3)2 (14A) 0.0 71.9 0.1 26.1 
4 Me2SiCp”2CeCH(SiMe3)2 (14C)b - - - - 
a Reaction conditions: [precatalyst] = 8.8-9.2 mM, benzene-d6 (0.50 mL), substrate (55-57 equiv.) and 25 
°C. Yields are determined by normalized, in situ 1H NMR spectroscopy and represent average values of 
two or more runs. The experimental error was found to be ±0.2. b No catalytic activity was observed. 
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min-1). It is evident that the reaction kinetics changed upon opening up the coordination sphere of the metal 
center (Cp*2Ln → Me2SiCp”2Ln).   
In marked contrast to many organo-f-element catalyzed alkene transformations, a dramatic rate 
deceleration is observed for the present catalytic process, when more open Me2SiCp”2Ln-coordinate spheres are 
used in the precatalysts.  These results likely reflect the stability of the presumed active catalyst, the monomeric 
alkynyl species, and this possibility is discussed in more detail in Section 4.4. The present data on the rare-earth 
metallocene-catalyzed oligomerization of phenylacetylene indicate also that trimerization and trans-head-to-head 
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4.2.3. Product analysis 
 
The composition of the product mixtures was determined by in situ 1H NMR spectroscopy, using 
appropriate long pulse delays to avoid signal saturation under the present anaerobic conditions. Other methods to 
determine the relative amount of products yielded values that corresponded only moderately to those determined 
by in situ 1H NMR analysis. For example, normalized FID-GC values for the reaction products were obtained 
under the assumption that the response factors are linearly correlated to the carbon numbers of the oligomers. 
The modest agreement between 1H NMR and normalized FID-GC values was attributed to a nonlinear 
relationship between response factors and carbon numbers and/or the well-recognized (thermal) instability of the 


















Figure 4-2. Plot of the substrate concentration versus time for the oligomerization of phenylacetylene 
catalyzed by 5A and 14A. Line and curve connecting the data points represent fitted linear plot and fitted 
first-order exponential, respectively. 
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the poor agreement between the 1H NMR values obtained after vacuum transfer of volatiles or procedures 
involving in vacuo solvent removal and those obtained by in situ 1H NMR spectroscopy.  
The identity of the trimers 15a and 16a was established by multinuclear 1D and 2D NMR 
spectroscopy (see Experimental Section). This identification differs from the structures proposed previously for 
these products. On the basis of 1H and 13C NMR spectroscopy, Heeres et al. proposed an isomer of 16a having a 
carbon skeleton different from that of 15a.5f,g Additional evidence for the present structures is provided by the 
catalytic hydrogenation of the crude product mixture, yielding 1,3-diphenylbutane (17a), 1,4-diphenylbutane 
(18a) for the dimers and 1,3,6-triphenylhexane (19a), exclusively, for the trimers (eq. 4.1). This result reveals 
unequivocally that trimers 15a and 16a possess a common carbon skeleton. 
4.2.4. Effect of substrate concentration 
 
Based on the high selectivity and activity for the formation of the desired trans-head-to-head dimer 
(12a), further investigations were conducted with the precatalyst Cp*2LaCH(SiMe3)2 (5D). In order to determine 
the effect of substrate structure on the rate of the 5D-catalyzed 1-alkyne conversion (Chapter 5) and monitor the 
reaction progress by in situ 1H NMR spectroscopy, it was necessary to prolong the reaction time. This was 
achieved by increasing the substrate concentration relative to precatalyst concentration (Table 4-3). However, 
both the rate of trimerization and catalyst deactivation increased relative to that of dimerization upon doing so.  
The increased rate of catalyst deactivation upon increasing the substrate concentration at constant 
precatalyst concetration is seen from the increased formation of Cp*H (Table 4-3). The adventitious presence of 
moisture in phenylacetylene (after drying with CaH2) is ruled out by comparing the amounts of Cp*H formed 
after addition of phenylacetylene either in one or in two portions. If the substrate is contaminated with an 
unknown Brønsted acid, doubling the amount of substrate is expected to produce twice the amount of Cp*H. 
Two experiments reveal that doubling the substrate amount produced less than twice the amount of Cp*H (Entry 
7 versus 5 and entry 8 versus 6, Table 4-3). It is obvious that catalyst deactivation is not directly proportional to 
the amount of substrate.  
The absence of air and moisture in phenylacetylene after drying with CaH2 was also demonstrated by 
independent reactions of phenylacetylene with Cp2ZrMe2. Cp2ZrMe2 is known to react with trace amounts of O2 
and H2O to give soluble and NMR-observable products, while it reacts only slowly with 1-alkynes.21 As a 
consequence, the presence of unreacted Cp2ZrMe2 in solutions containing large excess amounts of 
phenylacetylene provided strong assurance that the concentration of Brønsted acids (other than phenylacetylene), 
undetected by GC and NMR spectroscopy, are extremely low after drying with CaH2.22 Because no catalytic 
activity was observed for mixtures of 5D with excess phenylacetylene in the presence of Cp2ZrMe2, the present 
oligomerization reactions could not be performed in the presence of this desiccant. Considerable precedent for 
the abstraction of cyclopentadienyl ligands in the metallocene chemistry of the rare earth metals exists in 
literature and the mechanistic and kinetic consequences are discussed in more detail in later sections (Sections 
4.4.3-4.4.4). 
Table 4-3. The effect of substrate concentration on the 5D-catalyzed oligomerization of phenylacetylene 





11a 12a 15a 16a Cat. deact. 
(%)b 
1 64 0.29 0.06 0.2 98.2 1.2 0.4 0.6 
2 128 0.60 0.22 0.2 95.9 2.9 1.0 2.3 
3 258 1.14 0.29 0.1 92.6 5.5 1.8 3.3 
4 359 1.58 0.45 0.1 89.1 8.4 2.4 5.1 
5 804 3.62 0.70 0.2 85.4 11.3 3.2 7.7 
6 1118 5.03 1.44 0.1 82.7 13.5 3.8 16.1 
7 258 + 258 - 0.36 0.1 92.3 5.6 2.1 4.5 
8 359 + 359 - 0.53 0.1 88.8 8.7 2.4 7.1 
a Reaction conditions: [5D] = 4.4-4.7 mM, C6D6 and 25 °C. Relative amounts of products were determined 
by normalized in situ 1H NMR spectroscopy and represent average values of two or more runs with an 
experimental error of ±0.2. The experimental error in [Cp*H] was found to be ±0.05. b Catalyst 
deactivation (experimental error of ±0.6), calculated from [Cp*H] and [5D].  
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4.2.5. Reaction kinetics   
 
A kinetic study of the catalytic oligomerization of phenylacetylene (1200 equiv.) mediated by 
Cp*2LaCH(SiMe3)2 (5D) was carried out by means of single-pulse, in situ 1H NMR spectroscopy (Figure 4-3). 
The 1H NMR resonances of the acetylenic proton C≡ CH (δ 2.74 ppm) of the substrate, CH=CH (δ 6.29 ppm) of 
the trans-head-to-head dimer (12a), CHCH2 (δ 4.00 ppm) of trimer 15a and CH2CC (δ 3.50 ppm) of trimer 16a 
were normalized to an internal standard (cyclooctane). Although the 1H NMR resonance of the acetylenic proton 
C≡ CH (δ 2.71) of 2a overlapped with that of CHCH2 (δ 2.81 ppm) of 16a, the intensity of the acetylenic proton 
could be calculated by taking the intensity of CHCH2 (δ 4.00) of 16a into account. The kinetic concentration 
profiles of the reaction products show that the concentrations of 12a, 15a and 16a increase with substrate 
conversion. The concentration of the head-to-tail dimer (11a) and Cp*H were too low to allow reliable 
quantitative analysis by means of single-pulse, in situ 1H NMR spectroscopy, even at higher precatalyst 
concentrations.23 
A detailed kinetic study of the present catalytic oligomerization reaction by means of single-pulse, in 
situ 1H NMR spectroscopy under ambient conditions was frustrated by the following circumstances: (i) the 
acetylenic proton of the substrate requires ~500 s for complete relaxation under the present anaerobic 
conditions,24 (ii) the high catalytic activity, (iii) the occurrence of non-negligable catalyst deactivation and (iv) 
competing catalytic trimerization at relatively high substrate-to-catalyst molar ratios. For example, a 400-fold 
molar excess of substrate was completely converted within 22 min in the presence of 5D (4.5 mM). In order to 
obtain a reliable kinetic data set (e.g.  10 data points), the reaction time (e.g. 83 min for single-pulse 1H NMR 
experiments with delays of 500 s) was prolonged by increasing the substrate concentration. When a 1118-fold 
molar excess was employed, complete substrate conversion was observed after 69 min, thereby allowing the 
acquisition of 13 data points (Figure 4-3). However, catalytic dimerization was accompanied by significant 
catalyst deactivation (13%) and catalytic trimerization (17%) at a substrate-to-catalyst molar ratio of 1200 and 
the kinetic data obtained could not be modeled convincingly to either zero- or first-order rate dependence over 
the entire substrate conversion range. Varying the substrate concentration over a 17-fold range at constant 
precatalyst concentration (4.5 mM) revealed that competing catalytic trimerization increased from 1.6% to 
17.3% and the degree of catalyst deactivation increased from 0.6% to 13.1% (Table 4-3). Clearly, catalytic 



















) 2a 12a 15a 16a
 
Figure 4-3. Plot of the concentration of 2a, 12a, 15a and 16a versus time for the catalytic oligomerization of 
2a (1110 equiv.) in the presence of 5D (1.4 mM), as monitored by normalized, in situ 1H NMR spectroscopy 
in benzene-d6 at 25°C. 
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When the catalyst concentration was decreased over a 6-fold range at constant substrate concentration 
(1.518 M), competing catalytic trimerization and catalyst deactivation remained invariant within experimental 
error (Table 4-4). Decreasing the precatalyst concentration below 0.5 mM afforded poorly reproducible kinetic 
data.25 This suggested that catalyst poisoning by trace impurities (e.g. H2O, O2) dominates the kinetic behavior at 
very low precatalyst concentration. Hence, precatalyst concentrations above 0.5 mM were used in the present 
study and the reproducible kinetic data obtained (experimental error within 5%), using different batches of 
precatalyst, substrate and solvent, provided strong assurance that catalyst poisoning by traces of protonolytic 
agents was negligible under these conditions. When precatalyst concentrations above 0.5 mM were used in 
combination with substrate concentrations that lead to predominant catalytic dimerization, substrate was 
converted in less than 60 min, thereby hampering the acquisition of a reliable kinetic data set.    
Plots of the substrate concentration versus time during catalytic conversion of phenylacetylene at 
constant precatalyst concentration (2.25 mM) showed a gradual shift from a mostly substrate independent regime 
(linear consumption plot) at relatively low initial substrate concentration to a substrate dependent regime 
(approximately exponential consumption plot) at a relatively high initial substrate concentration (Figure 4-4). At 
relatively low substrate concentrations, the substrate conversion displays predominantly a zero-order rate 
dependence on substrate concentration, as demonstrated by the oligomerization of phenylacetylene in the  
Table 4-4. The effect of precatalyst concentration on the 5D-catalyzed oligomerization of phenylacetylene 





11a 12a 15a 16a Cat. deact. 
(%)b 
1 359 4.23 0.43 0.1 85.6 11.1 3.2 5(1) 
2 430 3.53 0.48 0.2 85.5 11.8 2.5 6(1) 
3 791 1.92 0.36 0.2 85.4 11.1 3.3 9(1) 
4 820 1.85 0.38 0.1 85.3 11.5 3.2 10(1) 
5 1047 1.45 0.39 0.2 84.9 11.7 3.5 13(2) 
6 1186 1.28 0.40 0.1 84.7 11.8 3.3 16(2) 
7 2232 0.68 0.47 0.1 84.8 12.1 3.1 35(4) 
a Reaction conditions: [2a] = 1.518 M, C6D6 and 25 °C. Relative amounts of products were determined by 
normalized in situ 1H NMR spectroscopy and represent average values of two or more runs with an 
experimental error of ±0.2. The experimental error in [Cp*H] was found to be ±0.05. b Catalyst 
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Figure 4-4. Plot of the substrate concentration versus time for the catalytic oligomerization of 
phenylacetylene mediated by 5D at a constant precatalyst concentration (2.25 mM) and different initial 
substrate concentrations.
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Figure 4-5. Plot of the substrate concentration versus time for the catalytic conversion of phenylacetylene in the 
presence of 5D (2.25 mM) at different initial substrate concentrations. 
 
 
presence of a 404-fold molar excess of substrate and 5D (Figure 4-5). Catalytic substrate conversion was 
achieved within 27 min under these conditions and the reaction products revealed the occurrence of catalytic 
dimerization (94%), catalytic trimerization (7%) and catalyst deactivation (5%). In spite of the occurrence of 
these three processes, the reaction rate corresponds well to zero-order rate dependence on substrate concentration 
(R2 = 0.9963, kobs = 18(1) min-1) over the entire substrate conversion range. 
When the substrate concentration was increased at constant precatalyst concentration, the kinetic 
behavior changed and became increasingly more first-order dependent on substrate concentration (Figure 4-4). 
Concomitantly, the product distributions revealed that the rate of catalytic trimerization and catalyst deactivation 
increased relative to catalytic dimerization. The catalytic oligomerization of phenylacetylene in the presence of a 
1416-fold molar excess of substrate and 5D represents a limiting case of such behavior in the present study 
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Figure 4-6. Integrated rate plot of the substrate concentration versus time for the catalytic conversion of 


























run 1 run 2 run 3
 
Figure 4-7. Plot of the substrate concentration versus time for the catalytic conversion of phenylacetylene in the 
presence of 5D (2.15 mM) after addition of consecutive portions of phenylacetylene (488 equiv.). 
 
 
conversion), but deviated from first-order kinetic behavior in substrate at higher substrate conversion. At higher 
substrate conversion, the kinetic behavior of the reaction rate conforms to zero-order rate dependence on 
substrate concentration, but the observed rate is considerably lower as observed at relatively low intial substrate 
concentration (Figure 4-4). Catalyst deactivation (24%) cannot account for this significant decrease in reaction 
rate and product inhibition may be invoked to explain this behavior. 
To investigate the possibility of product inhibition, several equimolar portions of substrate (488 
equiv.) were added successively to a solution of 5D in benzene-d6 (2.15 mM). The first portion of substrate (run 
1) was completely consumed within 30 min (Figure 4-7), accompanied by minor catalyst deactivation (3%). The 
rate of substrate conversion could convincingly be modeled by zero-order dependence on substrate concentration 














run 3 run 2 run 1
 
Figure 4-8. Integrated rate plot of the substrate concentration versus time for the catalytic conversion of 
phenylacetylene in the presence of 5D (2.15 mM) after addition of consecutive portions of phenylacetylene (488 
equiv.). 
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conversion after 52 min, accompanied by additional catalyst deactivation (3%). Deviation from zero-order rate 
dependence on substrate concentration (R2 = 0.9976, kobs = 8.4(2) min-1) was observed after 70% substrate 
conversion. A third successive portion of substrate (run 3) was consumed only after 170 min, accompanied by 
yet another 3% of catalyst deactivation. In this case, deviation from zero-order rate dependence on substrate 
concentration (R2 = 0.9946, kobs = 3.5(1) min-1) was observed after 62% substrate conversion. Clearly, catalyst 
deactivation cannot account for the observed decrease in reaction rate and the proposed inhibitory effect of the 
reaction products on the catalytic activity seems to be justified. Alternatively, the effects of product inhibition 
may also be interpreted as altering the kinetic order in substrate concentration from zero- to first-order (Figure 
4-8).26 The reaction rate after the third portion of substrate may in this scenario convincingly be modeled by 
first-order rate dependence on substrate concentration (R2 = 0.9893, kobs = 6.5(2) M-1·min-1) during the first 96 
min (69% substrate conversion). 
4.2.6. Reaction intermediates  
 
Monitoring the reaction of 5D (1.92 mM) with phenylacetylene (791 equiv.) in benzene-d6 by in situ 
1H NMR spectroscopy revealed that one predominant organometallic  species (~90% of the total amount of 
precatalyst added) was present during substrate conversion, as evidenced by one major Cp* 1H NMR resonance 
at δ 2.12 ppm (Figure 4-9). This resonance was, furthermore, found to shift gradually to δ 2.14 ppm with 
increasing substrate conversion. As substrate depleted (~89% substrate conversion), this major lanthanocene 
derivative was converted into three new derivatives, based on the appearance of three new Cp* 1H NMR 
resonances at δ 2.04, 1.97 and 1.92 ppm. Upon complete substrate conversion, these derivatives were the major 
lanthanocene species present and the composition of the reaction mixture did not change upon standing at room 
temperature. When another portion of substrate was added to the reaction mixture, analogous observations were 
made with 1H NMR spectroscopy: one major Cp* signal was observed at δ 2.12 ppm during substrate conversion 
which shifted gradually to δ 2.14 ppm and gave rise to the three aforementioned signals at a more advanced stage 
of substrate conversion.  
To identify the lanthanocene derivatives involved in the catalytic oligomerization of phenyacetylene, 
quenching experiments with THF and D2O were performed in conjunction with stoichiometric reactions of 
several catalyst precursors with phenylacetylene (Section 4.3). Addition of excess THF to a reaction mixture of 
5D (17.6 mM) and phenylacetylene (50 equiv.) during substrate conversion gave Cp*2LaCCPh(THF) as the only 
observable organometallic species with NMR spectroscopy. The identity of Cp*2LaCCPh(THF) was established 
by its independent preparation and its reaction with D2O affording phenylacetylene-d1 (Chapter 5). Based on this 
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Figure 4-9. 400 MHz 1H NMR spectra of the reaction of the precatalyst 5D (1.92 mM) and a 430-fold 
molar excess of phenylacetylene in benzene-d6 at 25 °C: (top) white-wash stack plots displaying the time-
dependent chemical shifts of characteristic Cp* 1H NMR resonances during and after substrate conversion 
and (bottom) contour plots of the same resonances (see text for details). The first spectrum is taken 8 min 
after substrate addition, while ensuing spectra are taken with intervals of 5 min.
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observation, the broad signal at δ 2.12 ppm was assigned to the base adduct Cp*2LaCCPh(PhCCH) 
(20a·PhCCH). Additional evidence for this assignment is provided by the gradual downfield shift of its Cp* 1H 
NMR resonance during substrate conversion, thereby indicating that the corresponding derivative is in 
equilibrium with free phenylacetylene (Eq. 4.2).27 The signals observed after substrate conversion at δ 2.04, 1.97 
and 1.92 ppm were assigned to a butatrienediyl and two but-1-en-3-yn-1-yl derivatives, i.e. [(Cp*2La)2(µ-
PhC4Ph)] (22a), Cp*2LaC(Ph)=C(H)CCPh (24a) and Cp*2LaC(H)=C(Ph)CCPh (23a), respectively, and their 












The failure to prepare Lewis base adducts of dimeric alkynyl derivatives [Cp*2Ln(µ-CCR)]2 in which 
the dinuclear character is retained argues against the involvement of dinuclear adducts [Cp*2La(µ-
CCPh)(PhCCH)]2.28 The possibility that the broad signal at δ 2.12 ppm corresponds to a base free, alkynyl 
derivative is ruled out by an in situ 1H NMR spectroscopic studies (Section 4.3.3). The dimeric alkynyl 
derivative [Cp*2La(µ-CCPh)]2 was only observed at low temperatures (as a bright-yellow and thermo-labile solid 
that was only sparingly soluble in toluene at -50 °C), displaying a Cp* 1H NMR resonance at δ 2.22 ppm in 
toluene-d8 at -50 °C, whereas no spectroscopic evidence for the monomeric, base-free alkynyl derivative 
Cp*2LaCCPh was obtained (down to -60 °C in toluene-d8).  
When the reaction of 5D (2.25 mM) and phenylacetylene (1416 equiv.) was monitored in benzene-d6 
by in situ 1H NMR spectroscopy, two major Cp* 1H NMR resonance were initially observed at δ 2.09 and 2.23 
ppm during substrate conversion. Upon substrate conversion, the broad resonance at δ 2.09 ppm shifted 
gradually to δ 2.14 ppm, while the resonance at δ 2.23 ppm decreased gradually in intensity. Both Cp* 
resonances disappeared completely upon substrate depletion, forming the three aforementioned Cp* 1H NMR 
resonances at δ 2.04, 1.97 and 1.92 ppm. It seems reasonable to assign the Cp* 1H NMR resonance at δ 2.23 ppm 
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Figure 4-10. Concentration profiles of Cp*2LaCCPh(PhCCH) (20a·2a),  [(Cp*2La)2(µ-PhC4Ph)] (22a), 
Cp*2LaC(Ph)=C(H)CCPh (24a) and Cp*2LaC(H)=C(Ph)CCPh (23a) during the reaction of the precatalyst 
5D (1.92 mM) and a 430-fold molar excess of phenylacetylene in benzene-d6 at 25 °C, as monitored by 
normalized in situ 400 MHz 1H NMR spectroscopy (Figure 4-9). The lines connecting the data points are 
drawn as guides for the eye. 
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under these reaction conditions (Section 4.2.5). The observation that the Cp* 1H NMR resonance at δ 2.09 ppm 
shifts gradually to δ 2.14 ppm under these reaction conditions supports the above notion that the active catalyst 
of dimerization is Cp*2LaCCPh which is in equilibrium with free phenylacetylene (Eq. 4.2).   
4.3. Stoichiometric reactions with phenylacetylene 
4.3.1. Introduction 
As mentioned before, the catalytically active species of the catalytic 1-alkyne dimerization is thought 
to be a monomeric, alkynyl derivative Cp*2LnC≡ CR (20). Although these species have been trapped with hard 
Lewis bases, direct evidence for the existence of monomeric, unsolvated, terminal alkynyl derivatives is -to the 
best of our knowledge- lacking in literature.29 The hypothetical, base-free monomeric Cp’2LnCCR derivatives 
are unstable and rearrange to form dimeric bridged alkynyl complexes [Cp’2Ln(µ-C≡ CR)]2 (21) and/or 
butatrienediyl complexes (Cp’2Ln)2(µ-η2:η2-RC=C=C=CR) (22). Dinuclear lanthanidocene alkynyl derivatives 
21 have been synthesized via reactions of alkyl and hydride precursors with the corresponding 1-alkynes, but 
syntheses involving the thermolysis of Cp*2LnCCR(THF) complexes (20·THF) have also been reported.16b,c 
Several dimeric, bridging alkynyl 21 and butatrienediyl derivatives 22 have been characterized both 
spectroscopically and structurally (Scheme 4-3). The rate of lanthanidocene alkynyl C-C coupling (21 → 22) is 
believed to be governed by a complex interplay between the alkyne substituent, the ligand Cp’ and the metal. In 
some cases (e.g. 21i), this process was found to be reversible, producing equilibrium mixtures at ambient 
temperatures, and, in other cases (e.g. 21h), irreversible, exhibiting clean first-order kinetic behavior. 
In an effort to identify the catalytic reaction sequences of the 5D-catalyzed oligomerization reaction 
of phenylacetylene, stoichiometric reactions of catalyst precursors with phenylacetylene were performed. 
Stoichiometric reactions of the hydride [Cp*2La(µ-H)]2 (25D) and alkyl derivative Cp*2LaCH(SiMe3)2 (5D) with 
phenylacetylene afforded butatrienediyl and butenynyl lanthanocene derivatives, previously observed during the 
5D-catalyzed oligomerization of phenylacetylene (Section 4.2.6). Reactivity studies of the butatrienediyl 

















Entry  Ln R 21 22  Ref. 
    δ (ppm) T ( ºC) δ (ppm) T ( ºC)  
1 a La Ph b b 2.08 20 °C 16d 
2 h La tBu 2.21 20 °C 2.07 20 °C 16d 
3 i La Me 2.19 -10 °C 2.06 21 °C 16a 
4 c Ci Ce Me     16a 
5 c Ch Ce tBu      16a 
6 c Ea Sm Ph     16c 
7 c Ej Sm CH2CH2Ph     16b,c 
a Reported Cp* 1H NMR resonances of 21 in C7D8 and of 22 in C6D6. b Not observed. c Paramagnetic 1H 
NMR resonances have been reported, but are not relevant in the present context. 
Chapter 4 
114 
derivative towards Lewis bases and protonolytic reagents provided evidence for its relative importance in the 
conversion of phenylacetylene into its observed oligomers. 
4.3.2. The hydride derivative 
 
The reactions of the hydride derivative [Cp*2La(µ-H)]2 (25D) with a stoichiometric amount of 
phenylacetylene in benzene-d6 or toluene-d8 were clean at room temperature, affording [(Cp*2La)2(µ-PhC4Ph)] 
(22a) as the single observable product (Eq. 4.3). The identity of 22a was established by multinuclear 1D and 2D 
NMR spectroscopy and X-ray structure determination. The preparation of [(Cp*2La)2(µ-PhC4Ph)] (22a) had 
previously been reported via the reaction of phenylacetylene with excess Cp*2LaCH(SiMe3)2 (5D) at room 
temperature.16d In the present study, the reaction of the hydride [Cp*2La(µ-H)]2 (25D) and phenylacetylene (1 
equiv.) in hexanes afforded 22a as dark red crystals in 82% isolated yield after crystallization at low temperature. 
Another method to prepare 22a involves vapor phase transfer of phenylacetylene into a stirred solution of an 
equimolar amount of 5D in hexanes at room temperature (77% isolated yield). Recrystallization in toluene 
allowed for the formation of 22a·2C7H8 as single-crystals suitable for X-ray analysis. The details of the solid-
state molecular structure of 22a and comparison with (hetero)aromatic analogues are discussed in Chapter 5. In 
the present context, it suffices to note that the two Cp*2La moieties bind each in an η3 fashion to a bridging, 
formally dianionic butatrienediyl ligand [PhC=C=C=CPh]2- in 22a. The butatrienediyl derivative displays a 
characteristic Cp* 1H NMR resonance at δ 2.04 ppm in benzene-d6 solution which has also been observed after 
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 When the above reaction was performed at low temperatures by condensing phenylacetylene onto a 
solution of 5D at -100 ºC in toluene, the formation of a yellow suspension was observed within several minutes. 
Upon warming to -50 ºC, the yellow suspension changed within several hours into a dark red solution. In situ 1H 
NMR experiments in toluene-d8 revealed the transient formation of a new lanthanum species, exhibiting a Cp* 
1H NMR resonance at δ 2.22 ppm. This species was identified as the dimeric, alkynyl derivative [(Cp*2La(µ-
CCPh)]2 (21a), based on the formation of phenylacetylene-d1 upon reaction with D2O.30 Within several hours at 
-50 ºC, 21a was completely converted into [(Cp*2La)2(µ-PhC4Ph)] (22a). Attempts to observe the proposed 
monomeric, alkynyl derivative 20a in the reaction mixture at -78 °C were unsuccessful. Interestingly, the yellow 
color of 21a was also noted for other dimeric, alkynyl lanthanidocene derivatives and seems to be independent of 
both metal and alkyne substituent (Chapter 5).  
Unfortunately, the observation of clean first-order kinetic behavior for the conversion of 21a into 22a 
by means of in situ 1H NMR spectroscopy was hampered by the low solubility of 21a in toluene-d8 at -50 ºC. 
The solubility of 21a in methylcyclohexane-d14 at -50 ºC was even lower, while dichloromethane-d4 and 
mixtures of dichloromethane-d4 and toluene were found to react with the lanthanocene derivatives at these 
temperatures, affording numerous species that defied characterization. In spite of the low solubility of 21a, 
reasonable kinetic data (R2 = 0.9922, t1/2 = 3.2(2) h, -50 ºC) was obtained by (i) lowering the concentration of 5D 
to such an extent that quantitative NMR analysis was well possible within the time scale of the reaction and (ii) 
discarding the first data points, due to the low solubility of 21a (Figure 5-11). In this manner, the rate of 
rearrangement into 22a was found to be first-order in 21a for at least 2.5 half-lives (R2 = 0.9922, t1/2 = 3.2(2) h, -
50 ºC). 
These observations provide evidence that 22a is formed from 21a and that this transformation is both 
rapid and quantitative (Eq. 4.4). It is interesting to note that the methyl analogue [Cp*2La(µ-C≡ CMe)]2 (21i) 
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rearranged at room temperature (t1/2 = 3.2 h, 25 °C) to produce an equilibrium mixture of [(Cp’2Ln)2(µ-
MeC4Me)] (22i), while the tert-butyl analogue [Cp*2La(µ-C≡ CtBu)]2 (21h) rearranged much more slowly (t1/2 = 
2.2 h, 50 °C), but irreversibly, into 22h and was isolated at 0 °C.16a These results indicate that the alkyne 
substituent plays an important role in determining the rate of C-C coupling in dimeric lanthanidocene alkynyl 
derivatives 21. These alkyne substituent effects are discussed in more detail in Chapter 5. 
When the stoichiometric reaction of 25D and phenylacetylene was performed at low temperature 
using a small excess of phenylacetylene (1-2 equiv.), the formation of a small amount (1-2% relative to 22a) of 
an unidentified, organometallic by-products was observed, displaying one Cp* 1H NMR resonance at δ 2.01 
ppm. Attempts to isolate and identify this species failed. Similar observations have been reported previously for 
reactions of [Cp*2Ce(µ-CCtBu)]2.16a On the basis of infrared analysis, the authors suggested that the unknown 



















4.3.3. The alkyl derivative 
 
The reaction of Cp*2LaCH(SiMe3)2 (5D) with phenylacetylene (1 equiv.) in non-coordinating 
solvents, such as benzene, toluene or hexanes, at room temperature was rapid, as indicated by the immediate 
color change of the solution from pale yellow to dark red. 1H NMR experiments in benzene-d6 indicated the 
formation of a mixture, containing unreacted 5D, the 1,4-diphenylbutatrienediyl derivative [(Cp*2La)2(µ-η3:η3-
PhC4Ph)] (22a), two new lanthanum species, assigned to Cp*2LaC(H)=C(Ph)CCPh (23a) and 
Cp*2LaC(Ph)=C(H)CCPh (24a), and the organic compounds, (E)-1,4-diphenyl-but-1-en-3-yne (12a) and 2,4-
diphenylbut-1-en-3-yne (11a) (Eq. 4.5). The butenynyl derivatives 23a and 24a display characteristic Cp* 1H 
NMR resonances at δ 1.93 and 1.97 ppm, respectively, previously observed after full conversion of substrate in 
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Unfortunately, 23a and 24a could not be isolated on a preparative scale,31 but NMR analysis and 
quenching experiments with D2O and H2O provided reasonable evidence for their identities. The 1H NMR 
spectrum of a mixture containing 23a and 24a displayed two singlets at δ 6.69 (correlating with δ 120.85 ppm in 
the 13C NMR spectrum, as indicated by a 1H-13C gHSQC experiment) and 1.93 ppm in a 1:30 ratio, assigned to 
=CH and Cp* groups of 23a and two singlets at δ 7.74 (correlating with δ 132.55 ppm in the 13C NMR spectrum) 
and 1.97 ppm in a 1:30 ratio, assigned to =CH and Cp* groups of 24a.  
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The far-downfield location of the vinyl group resonance is consistent with that of the alkenyl 
derivative Cp*2LaC(Ph)=C(Ph)H, exhibiting a proton resonance at δ 6.99 ppm and a carbon resonance at δ 
134.28 ppm due to the =CH group (Chapter 2). Based on the LaC 13C NMR resonances at δ 217 ppm for both 
22a and Cp*2LaC(Ph)=C(Ph)H, two characteristic, low-field singlets at δ 190 and 183 ppm in the 13C NMR 
spectrum were assigned to the LaC groups of 24a and 23a, respectively.  
When a mixture containing 22a, 23a and 24a in a 1.8:0.6:1.0 ratio, respectively, and in the absence of 
11a and 12a was treated with D2O, (E)-1,4-diphenyl-1,4-dideuteriobutatriene (27a-d2), 1-deuterio-2,4-
diphenylbut-1-en-3-yne (11a-1-d) and (E)-1-deuterio-1,4-diphenyl-but-1-en-3-yne (12a-1-d) formed in a 
1.8:0.6:1.0 ratio, as indicated by NMR and GC-MS analysis. The formation of 27a-d2 is attributed to the reaction 
of 22a with D2O (Section 4.3.4), while that of 11a-1-d1 and 12a-1-d1 is attributed to the reaction with 23a and 
24a with D2O, respectively. The analogous reaction with H2O provided 27a and 12a in the corresponding ratios. 
Addition of excess THF (1-5 equiv.) to a mixture of 23a and 24a resulted in their rapid conversion into several 
new, unidentified lanthanocene derivatives.  
 When the reaction of 5D was performed at low temperatures by condensing phenylacetylene onto a 
solution of 5D at -196 ºC in toluene-d8, 1H NMR spectroscopy revealed the transient formation of the dimeric, 
alkynyl derivative [(Cp*2La(µ-CCPh)]2 (21a) (δ 2.22 ppm) alongside that of the previously observed insertion 
products (δ 2.05 ppm, Section 4.3.2), Cp*2LaC(H)=C(Ph)CCPh (23a) (δ 2.00 ppm) and 
Cp*2LaC(Ph)=C(H)CCPh (24a) (δ 1.97 ppm) (Figure 4-11). Within several hours at -50 ºC, 21a was completely 
converted into [(Cp*2La)2(µ-PhC4Ph)] (22a) (δ 2.09 ppm, overlapping with the residual protio signal of toluene-
d8).  
The above observations may plausibly be interpreted as proceeding via a monomeric alkynyl species 
20a. At room temperature the rate of alkyne insertion into 20a is more rapid than the rate of protonolysis of 5D 
by alkyne. The rate of alkyne insertion into 20a relative to protonolysis of 5D by alkyne can be decreased to 
some extent by lowering the reaction temperature. In the absence of phenylacetylene, 20a undergoes 
dimerization into 21a. Subsequent C-C coupling of 21a to yield 22a is very rapid at room temperature. Even 
though [Cp*2La(µ-H)]2 (25D) can reasonably be assumed to exist as an equilibrium between dimer and monomer 
Cp*2LaH in solution,32 alkyne insertion into 20a does not compete effectively with dissociation of 25D and 
subsequent protonolysis of Cp*2LaH by alkyne.33 As proposed before, 20a is believed to yield 1-alkyne 
dimerization products via sequential alkyne insertion and protonolysis, affording the head-to-tail (11a) and the 
trans-head-to-head dimer (12a).5b,f  
4.3.4. The butatrienediyl derivative 
 
Introduction 
The observation of reaction intermediates during 5D-catalyzed oligomerization of phenylacetylene 
provided evidence that [(Cp*2La)2(µ-PhC4Ph)] (22a) was formed only at a more advanced stage of substrate 
conversion and plays therefore a minor role in the observed catalytic activity (Section 4.2.6). However, the 
addition of excess phenylacetylene to mixtures containing 22a, Cp*2LaC(H)=C(Ph)CCPh (23a) and 
Cp*2LaC(Ph)=C(H)CCPh (24a) revealed that the active catalyst Cp*2LaCCPh (20a) can be regenerated from 
22a. To investigate this issue in more detail, reactions of 22a with Brønsted acids were performed. 
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Figure 4-11. 500 MHz 1H NMR spectra of the Cp* region of a mixture containing the precatalyst 5D and a 
stoichiometric amount of phenylacetylene in toluene-d8 at -50 °C. The bottom spectrum is taken 14 min 
after warming to -50 ºC (see text for details) and the consecutive upper spectra are taken with intervals of 
10 min. 
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Protonolysis of lanthanide butatrienediyl derivatives [(Cp*2Ln)2(µ-RC4R)] (Ln = La, Ce; R = Me, 
tBu) with alcohols is known to produce mixtures of 1,4-disubstituted but-1-en-3-ynes and butatrienes.16a In 
contrast, no reactivity with phenylacetylene was observed for [(Cp*2Sm)2(µ-PhC4Ph)] (22Ea).16d It seems not 
unlikely that the details of the protonolysis reaction of [(Cp*2Ln)2(µ-RC4R)] depend on the nature of the 
Brønsted acid, the metal and the alkyne substituent. 
Because dimeric lanthanidocene alkynyl derivatives [(Cp*2Ln(µ-CCR)]2 react with hard Lewis bases 
to afford the corresponding Lewis base adducts of Cp*2LnCCR, the reaction of butatrienediyl derivatives 
[(Cp*2La)2(µ-RC4R)] (22) with hard Lewis bases can be used to probe the rate of the transformation of 22 into 
[(Cp*2La(µ-CCR)]2 (21).16 As noted before, the methyl analogue was found to produce an equilibrium mixture 
between [Cp*2La(µ-C≡ CMe)]2 (21i) and [(Cp’2Ln)2(µ-MeC4Me)] (22i), whereas no evidence for the formation 
of [Cp*2La(µ-C≡ CtBu)]2 (21h) from [(Cp’2La)2(µ-tBuC4tBu)] (22i) was obtained for the tert-butyl analogue.16a 
 
Reactivity towards 1-alkynes 
1H NMR experiments of [(Cp*2La)2(µ-PhC4Ph)] (22a) with phenylacetylene (2 equiv.) in benzene-d6 
led to product mixtures, containing residual starting material 22a, the but-1-en-3-ynyl derivatives 23a and 24a 
and  the phenylacetylene dimers 11a and 12a (Eq. 4.6), as determined by NMR spectroscopy. The addition of 
smaller amounts of phenylacetylene (1 equiv.) produced mixtures containing more starting material 22a, while 
the addition of larger amounts (5 equiv.) led to product mixtures containing more oligmerization products 11a 
and 12a. These reaction are in accord with previous observations, indicating that 22a can be converted into the 
active catalyst Cp*2LaCCPh (Section 4.2.6). However, the fate of the butatrienediyl ligand of 22a remained 
ambiguous, because both 11a and 12a may originate from [PhC=C=C=CPh]2- upon protonolysis of 22a by 
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To solve this issue, reactions of [(Cp*2La)2(µ-PhC4Ph)] (22a) with another 1-alkyne, 2-
ethynylthiophene (2d), were performed. When a 10-fold molar excess of 2d was employed to ensure complete 
conversion of 22a, a product mixture was obtained that consisted of the but-1-en-3-yn-1-yl derivative 
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Cp*2LaC(2-C4H3S)=C(H)CC(2-C4H3S) (24d), (E)-1,4-di(2-thienyl)but-1-en-3-yne (12d) and 12a (Eq. 4.7). 
Thus, the butatrienediyl ligand of 22a is released exclusively as 12a upon protonolysis of 22a by 2-
ethynylthiophene. Evidence for the identity of 24d and 12d will be discussed in Chapter 5. When a larger molar 
excess of 2d (20 equiv.) was added, more 12d formed.  
It is interesting to note that the reactivity of [(Cp*2La)2(µ-PhC4Ph)] (22a) contrasts with that observed 
for [(Cp*2Sm)2(µ-PhC4Ph)] (22Ea). In the case of samarium, no reactivity with phenylacetylene was observed in 
toluene up to temperatures of 100 ºC with up to a 100-fold excess of alkyne. In marked contrast, both 22a and 
5D catalyze the oligomerization of phenylacetylene and both the rate of substrate conversion and the product 
mixtures obtained are indistinguishable. The low reactivity of 22Ea relative to 22a towards phenylacetylene can 
plausibly be ascribed to the smaller metal size of samarium relative to lanthanum, since the difference in ionic 
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Reactivity towards alcohols 
The above results provide evidence that the butatrienediyl ligand is converted selectively into trans-
1,4-diphenylbut-1-en-3-yne in the reaction of [(Cp*2La)2(µ-PhC4Ph)] (22a) with 1-alkynes. This behavior differs 
from that observed for the reactions of the butatrienediyl derivatives [(Cp*2Ln)2(µ-RC4R)] (Ln = La, Ce; R = 
Me, tBu) with alcohols, affording mixtures of 1,4-disubstituted but-1-en-3-ynes and butatrienes.16a To investigate 
whether this discrepancy can be attributed to a difference in the electronic properties of the Brønsted acid,35 
reactions of 22a with H2O and a sterically hindered alcohol were performed. 
The reaction of [(Cp*2La)2(µ-PhC4Ph)] (22a) with excess H2O furnished (E)-1,4-diphenylbutatriene 
(27a) and Cp*H, as the only observed organic products with NMR and GC-MS (Eq. 4.8). Upon standing at room 
temperature for several hours the concentration of 27a slowly decreased, but no 1-alkyne oligomerization 
products 11a and 12a were formed. In fact, 27a is well-known to form poly(2-butyne-1,4-diyl) thermally.36  
These findings indicate that the butatrienediyl ligand of 22a is released as (E)-1,4-diphenylbutatriene 
(27a) upon reaction with H2O and as (E)-1,4-diphenylbut-1-en-3-yne (12a) upon reaction with 2-
ethynylthiophene. Because this difference in reactivity may be attributable to both the steric and electronic 
properties of the Brønsted acid, the reaction of 22a with 4-methyl-2,5-di-tert-butylphenol (ArOH) was 
performed. The choice for this substituted phenol was based on the reasonable assumption that its electronic 
properties resemble those of H2O, while its steric requirements for reactivity are considerably larger than that of 
H2O.  
In contrast to the reaction with H2O, the reaction of 22a with a stoichiometric amount of 4-methyl-
2,5-di-tert-butylphenol was not instantaneous. It took several seconds before the color changed from dark red to 
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light yellow. 1H NMR spectroscopy indicated that the reaction mixture consisted of Cp*2LaOAr,37 (E)-1,4-
diphenylbutatriene (27a), (Z)- (13a) and (E)-1,4-diphenylbut-1-en-3-yne (12a) (Eq. 4.9).  
 
Discussion of protonolytic reactions of the butatrienediyl derivative 
The above reactions of [(Cp*2La)2(µ-PhC4Ph)] (22a) with different Brønsted acids can arguably be 
explained by proposing that the delocalized η3-bonding of the Cp*2La moiety with the butatrienediyl ligand in 
22a can be represented by several tautomers (Scheme 4-4). Analogous to the Cp*2La(η3-CH2CCPh) complexes, 
no evidence for fluxional behavior was obtained for 22a with 1H and 13C NMR spectroscopy in the temperature 
range from -80 ºC to 100 ºC in both aliphatic (i.e. cyclohexane-d12, methylcyclohexane-d14) and aromatic (i.e. 
benzene-d6, toluene-d8) solvents. Although spectroscopic and structural evidence argued for a static η3-
propargyl/allenyl bonding in the Cp*2LnCH2CCAr complexes, protonolysis reactions afforded acetylenic (i.e. 
CH3CCAr) and allenylic products (i.e. CH2CCHAr) originating from protonolysis of the η1-propargylic and η1-
allenylic ligand, respectively (Chapter 2). The relative amount of the protonolysis products for the reactions of 










































































The present results of the protonolytic reactions of [(Cp*2La)2(µ-PhC4Ph)] (22a) suggest that the 
major quenching product is determined mainly by the electronic properties of the Brønsted acid. 1-Alkynes favor 
the formation of the butenyne quenching products (i.e. 12a and 13a), while alcohols favor the formation of 
butatriene quenching products (i.e. 27a). The preference for the butatriene quenching product can be diminished 
to some degree by increasing the steric bulk of the Brønsted acid. The proposed reaction sequences, involving 
1,3-metal shifts analogous to those proposed for the η3-propargyl/allenyl Cp*2Ln(η3-CH2CCAr) complexes, 
account for the formation of (E)-1,4-diphenylbutatriene (12a) and (E)-1,4-diphenylbut-1-en-3-yne (27a) 
(Scheme 4-4). The formation of (Z)-1,4-diphenylbut-1-en-3-yne (13a) may be explained by proposing cis-trans 
isomerization of an intermediate butatrienyl derivative (Eq. 4.10).38  
 
Reactivity towards hard Lewis bases 
No reactivity of [(Cp*2La)2(µ-PhC4Ph)] (22a) towards THF (1-10 equiv.) was observed at room 
temperature after standing for several days. This behavior agrees well with previous observations, involving 
analogous samarium, neodymium and cerium butatrienediyl derivatives [(Cp*2Ln)2(µ-PhC4Ph)].16b,c When 
[(Cp*2La)2(µ-PhC4Ph)] (22a) was heated in benzene-d6 to 80 ºC in the presence of an excess amount of THF, 1H 
NMR spectroscopy indicated the formation of Cp*2LaCCPh(THF) (20·aTHF), accompanied by the formation of 
other unidentified organometallic products (Eq. 4.11). Further heating led to the consumption of 20a·THF under 
formation of more by-products. Similar 1H NMR resonances were observed after heating benzene-d6 solutions of 
20a·THF to 80 °C, thereby revealing that the by-products are most likely formed from thermolysis of 20a·THF. 
Because [(Cp*2Sm)2(µ-PhC4Ph)] did not form Cp*2SmCCPh(THF) at 120 ºC in THF as a solvent,16d the 





                  











+      unidentified products
 
4.4. Mechanism of catalytic oligomerization 
4.4.1. Catalytic dimerization 
 
Stoichiometric reactions of the catalyst precursors Cp*2LaCH(SiMe3)2 (5D), [Cp*2La(µ-H)]2 (25D) 
and [(Cp*2La)2(µ-PhC4Ph)] (22a) provided experimental evidence for the formation of (E)-1,4-diphenyl-but-1-
en-3-yne (12a) and 2,4-diphenylbut-1-en-3-yne (11a) from the insertion of phenylacetylene into the monomeric, 
alkynyl derivative Cp*2LaCCPh (20a), followed by protonolysis by phenylacetylene. One major lanthanocene 
derivative was observed during catalytic oligomerization of phenylacetylene and this resting state of the catalyst 
has been identified as a monomeric, alkynyl derivative which is in equilibrium with its substrate adduct. Upon 
substrate depletion, the alkynyl derivative Cp*2LaCCPh (20a) undergoes dimerization and subsequent C-C 
coupling to afford the buatrienediyl derivative [(Cp*2La)2(µ-PhC4Ph)] (22a), while the butenynyl derivatives 
Cp*2LaC(Ph)=C(H)CCPh (24a) and Cp*2LaC(H)=C(Ph)CCPh (23a) remain unaltered in the reaction mixture. 
The butatrienediyl derivative [(Cp*2La)2(µ-PhC4Ph)] (22a) can be converted back to the catalytically active 
species by its protonolysis reaction with 1-alkyne. These results are consistent with and add substantial support 
to the catalytic cycle as proposed previously (Scheme 4-5).5b,f 
The observation that the preference for trans-head-to-head dimerization and the relative amount of 
trimerization products increase with increasing metal ionic radius of the Cp*2LnR (Ln = Lu, Y, Pr, Ce, La) 
precatalysts revealed the importance of steric effects in the regio- and chemoselectivity of the organolanthanide-
catalyzed 1-alkyne oligomerization (Figure 4-1). This behavior can be rationalized, when the insertion of alkyne 
into the Ln-C bond of the monomeric, alkynyl derivative Cp*2LnCCPh (20) is taken into account. Substrate 
insertion into the catalyst may take place in a 2,1- (route ii, Scheme 4-5) and a 1,2-manner (route iv), providing 
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12a and 11a, respectively, after protonolysis of the formed butenynyl derivative 24a and 23a, respectively, by 1-
alkyne.  
Insertion most likely takes place via a concerted, four-centered transition state in which a partial 
positive charge develops at the β-carbon of the incipient metal alkenyl bond (Scheme 4-6). Indirect evidence for 
this hypothesis comes from the electronic effects of β-H elimination from lanthanide alkyls32c (the microscopic 
reverse of alkene insertion into a Ln-H bond), alkene/alkyne insertion into Ln-N bonds39 and alkene insertion 
into transition metal hydrogen bonds40a-c and actinide hydrogen bonds.40d The observed regiochemistry in which 
insertion takes place to orient the metal center at the sterically most hindered carbon has been observed in many 
reactions of electrophilic metal complexes with 1-arylalk-ynes and 1-arylalk-1-enes.41,42 Marks et al. invoked an 
“aryl-directed” process in which the aromatic moiety serves as a Lewis base that interacts with the Lewis acidic 
metal center in the transition state to account for the observed regioselectivity.42a Although there is substantial 
precedent for ηn-benzylic structures in organo-f-element chemistry,43 the observed kinetic preference can also be 
explained by the electronic demands of the alkyne insertion in which an electron-withdrawing group at the α-
position and an electron-donating group at the β-position of the four-centered transition state are expected to 
accelerate the insertion reaction (Scheme 4-6).44 
  The observation that the tendency for head-to-tail (11) formation increases in the rare-earth metal-
catalyzed 1-alkyne oligomerization by decreasing the metal ion radius in the (pre)catalysts Cp*2Ln can thus be 
interpreted as the result of an increase in the steric interaction between the ancillary ligand system and the 





































































coordinated substrate. It seems that the electronically preferred 2,1-insertion for 1-arylalk-1-enes and 1-arylalk-
1-ynes, as observed for the larger metals, is outweighted by the sterically preferred 1,2-insertion for the smaller 
metals in the (pre)catalysts Cp*2Ln.45 This picture is supported by the observation that the preference for 1,2-
insertion (11a:12a = 93.7:5.2) changes into a preference for 2,1-insertion (11a:12a = 0.0:71.9), when the 
coordination space around the yttrium metal center in Cp*2YCH(SiMe3)2 is increased as in 
Me2SiCp”2YCH(SiMe3)2 (Table 4-2). 
4.4.2. Catalytic trimerization 
 
The factors determining the formation and nature of higher oligomers was previously not understood 
(Section 4.2.3). Insertion of the formed enynes into the alkynyl species 20 was originally proposed to rationalize 
the formation of the observed trimers.5g The present study does not support this proposal, however. A plot of the 
concentration of the trimers versus time during 1-alkyne oligomerization shows that the rate of trimer formation 
does not increase with increasing enyne concentration.46 Moreover, the kinetic concentration profile of the 
products formed during alkyne oligomerization and the observed increase of trimerization with increasing 
substrate concentration suggest that the trimers are primary products orginating from insertion of substrate into 
an intermediate of the dimerization reaction. This hypothesis is supported by the observed increase in 
trimerization relative to dimerization upon opening the metal coordination sphere of the catalyst (i.e. larger metal 
ions in the precatalyst Cp*2LnR or ligand substitution Cp*2Ln → Me2SiCp”2Ln for a given metal Ln, Section 
4.2.2). A more open coordination sphere of the catalyst increases the rate of trimerization relative to that of 
dimerization, because the steric requirements for protonolysis by 1-alkyne are less demanding than that of 
insertion of 1-alkyne. 
Linear trimerization of 1-alkynes has been reported predominantly as a side-reaction of the metal-
catalyzed 1-alkyne dimerization,47 while selective catalytic 1-alkyne trimerization has been achieved only in a 
few cases.48 In all of these cases, the linear trimers were identified as substituted dienynes. Interestingly, 
dienynes were formed in the trimerization of propyne by permethyllanthanidocenes, whereas 
trimethylsilylacetylene yielded allenylic and acetylenic trimers similar to those observed for phenylacetylene.5g,f 
It seems therefore that the trimerization of 1-alkynes into allenic and diynic trimers represents a unique feature of 
the rare-earth metallocene catalysts in combination with aryl- or silyl-substituted 1-alkynes. Both the 
experimental conditions under which the reported dienynes have been isolated and their general reported 
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reactivity suggest that substituted dienynes should be stable under the reaction conditions of the present 1-alkyne 
oligomerization reactions.49,50 Also, in situ 1H NMR experiments do not provide evidence for intermediates in the 
formation of the trimers, but suggest that the trimers formed are primary products. These considerations led to 
the proposal of an interaction between the initially formed hexa-1,3-dien-5-yn-1-yl ligand with the lanthanide 
metal center, affording the observed mixtures of allenic and diynic trimers (Scheme 4-7). 
Insertion of substrate into the alkenyl species 24 most likely proceeds in a 2,1-manner for aromatic 
and silyl-substituted 1-alkynes (Section 4.4.1). Instead of protonolysis by 1-alkyne (forming a dienyne) or 
intramolecular alkyne insertion (yielding a fulvene species51), a 1,3-hydrogen shift is proposed to take place via 
an unknown mechanism, affording a (thermodynamically favorable) η3-propargyl/allenyl derivative that 
undergoes protonolysis by phenylacetylene to yield the observed trimers. Protonolysis of η3-propargyl/allenyl 
lanthanocene derivatives by phenylacetylene is known to produce mixtures of alkynes and allenes (Chapter 2). 
Although 1,3-hydrogen shifts are symmetry-forbidden,52 they are commonly observed for allenylic, propargylic 
and acetylenic lithium compounds.53 Further study is needed to allow a more detailed discussion of this 
rearrangement which is presently only tentative. However, the proposed reaction sequences do reconcile the 
plausible alkyne insertion into the alkenyl species 24 with the formation of the observed allenic and diynic 
trimers.  
4.4.3. Catalyst deactivation 
 
Catalyst deactivation repesents another aspect of the permethyllanthanidocene-catalyzed 
oligomerization of phenylacetylene worth of consideration. Although the cyclopentadienyl-metal π-bond is 
generally considered to be very stable, metallocene complexes of rare-earth metals undergo protonolytic 
reactions forming cyclopentadiene in the presence of compounds with acidic protons (e.g. HCl, H2O, ROH, 
HCN, etc.).54 π-Bond cleavage has been observed in the reactions of bis(cyclopentadienyl)lanthanide alkynyl 
derivatives Cp2LnCCR with a five-fold molar excess of water, methanol and tert-butanol.54f The amount of CpH 
abstraction was found to increase with the acidity of the reagent. π-Bond cleavage has also been reported for 
permethylmetallocenes of rare-earth metals in the presence of tert-butanol55, acetonitrile56 and amines.57,58 The 
observed partial Cp*H abstraction in the present oligomerization reactions is therefore not entirely unexpected, 
considering the acidity of phenylacetylene and the relatively large substrate-to-catalyst molar ratios.59,60  
The absence of similar observations in transition-metal and actinide61 chemistry is most likely related 
to the more polar nature of the rare-earth metal carbon bonds.62,63 Indeed, cyclopentadienyl metal compounds in 
which electrostatic interactions dominate the bonding between the Cp’ fragments and the electropositive metal, 
are well-known Cp’ transfer agents in synthetic chemistry.64 Additional support is provided by the chemistry of 



































bis(alkoxysilylamido) yttrium complexes, as it was believed that their highly polar character was responsible for 
the observed rapid ligand protonolysis and the concomitant formation of [Ln(C≡ CR)n] in the reactions of 
[Me2Si(NCMe3)(OCMe3)]2YR (R = alkyl) with 1-alkynes.65  
On the basis of the above considerations, catalyst deactivation in the present alkyne oligomerization 
reactions is believed to involve the formation of a dialkynyl species Cp*La(C≡ CR)2 from the reaction of 
Cp*2LaCCPh and phenylacetylene (Scheme 4-8). In view of the known reactive nature of Cp*La(OC6H3-iPr2-
2,6)266 and Cp*La[CH(SiMe3)2]2,67 due to electronic and coordinative unsaturation, the independent synthesis of 
Cp*La(C≡ CPh)2 was deemed problematic. Indeed, Heeres et al. reported that the isolation of the bis(alkynyl) 
cerium complex, [Cp*Ce(C≡ CtBu)2]n was precluded by its instability.15 Interestingly, [Cp*Ce(C≡ CtBu)2]n was 
found to effect the catalytic dimerization of tert-butylacetylene, albeit at a much lower rate than the Cp*2Ln 
systems. It was believed that ligand redistribution took place, generating the mono(alkynyl) species 
Cp*2CeCCtBu with concomitant formation of [Ce(C≡ CtBu)3]n. In the present context, it is very likely that the 
anticipated instability of [La(C≡ CPh)3]n renders the ligand rearrangement reaction of the bis(alkynyl) species 
Cp*La(C≡ CPh)2 into the mono(alkynyl) species Cp*2LaCCPh irreversible.67,68   
4.4.4. The mechanistic interpretation of the observed kinetic behavior 
 
The time-dependence of substrate conversion during the lanthanocene-catalyzed oligomerization of 
phenylacetylene was found to be complex under the studied reaction conditions (Section 4.2.5). At relatively low 
substrate concentration, substrate conversion displayed zero-order rate dependence on substrate concentration. 
The reaction products revealed the occurrence of catalytic dimerization under these conditions, accompanied by 
both minor catalytic trimerization and catalyst deactivation. Upon increasing the substrate concentration, the 
kinetic behavior changed and became increasingly more first-order dependent on substrate concentration (Figure 
4-4). Concomitantly, the rate of catalytic trimerization and catalyst deactivation increased relative to catalytic 
dimerization. Even so, catalytic dimerization remained the dominant reactive pathway during substrate 
conversion at relatively high substrate concentration under the studied reaction conditions. In addition, 
experiments demonstrated that the reaction products alter the kinetic behavior of the lanthanocene-catalyzed 
oligomerization of phenylacetylene as well. The presence of reaction products resulted in a decrease of the 
reaction rate and qualitatively changed the reaction order in substrate concentration from zero-order towards 
first-order (Figure 4-7). 
These results led to the proposal that the rate dependence on substrate concentration of the present 
catalytic oligomerization reaction can be described by concurrent zero-order catalytic dimerization and first- 
order catalytic trimerization, accompanied by catalyst deactivation and product inhibition. At relatively low 
substrate concentration, catalytic dimerization dominates the kinetic behavior of the oligomerization reaction and 
zero-order rate dependence on substrate concentration is observed. At relatively high substrate concentration, 
catalytic trimerization and/or product inhibition dominate the kinetic behavior of the oligomerization reaction 
and first-order rate dependence on substrate concentration is observed. The origin of first-order rate dependence 
on substrate concentration may be ascribed to the increasing importance of catalytic trimerization at relatively 
high substrate concentration, the increasing importance of product inhibition at relatively high substrate 
concentration or the increasing importance of both catalytic trimerization and product inhibition at relatively 
high substrate concentration. Unfortunately, the present data do not allow discrimination between these three 
kinetic models. As the rate dependence on substrate concentration was seemingly unaffected by catalyst 
deactivation under reaction conditions where catalytic dimerization dominated the kinetic behavior, the rate of 
catalyst deactivation may plausibly be zero-order dependent on substrate concentration as well. These 
considerations imply that both catalytic dimerization and catalyst deactivation take place via a rate-limiting 
intramolecular reaction step, whereas catalytic trimerization proceeds via a rate-limiting intermolecular reaction 
step. Based on the present observations and implications, the mechanism of oligomerization is proposed to take 
place according to the reaction sequences depicted in Scheme 4-9.  
The first step, protonolysis of the metal alkyl (5), hydride (25) or butatrienediyl (22) derivative to 
generate the catalytically active, monomeric alkynyl derivative is rapid and irreversible, as indicated by 1H NMR 
experiments. The following step takes into account the propensity of the monomeric, alkynyl derivative 
Cp*2LnCCPh to bind Lewis bases, as observed for Cp*2LaCCPh(THF) (Chapter 5), and involves a rapid 
equilibrium between the phenylacetylene adduct Cp*2LnCCPh·PhCCH and its base-free form.69 The monomeric, 
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alkynyl derivative Cp*2LnCCPh may also bind to the reaction products, however. The resulting competition 
between substrate and product for the metal center leads to catalyst inhibition and becomes increasingly 
important at higher substrate concentration. The adduct Cp*2LnCCPh·PhCCH may either dissociate the substrate 
or undergo irreversible migratory insertion to yield the single-insertion products Cp*2LaC(H)=C(Ph)CCPh (23a) 
and Cp*2LaC(Ph)=C(H)CCPh (24a). When the but-1-en-3-yn-1-yl derivatives undergo protonolysis by 
phenylacetylene, the base-free, monomeric alkynyl derivative is regenerated under formation of the head-to-tail 
(23a) and the trans-head-to head dimer (12a). The but-1-en-3-yn-1-yl derivatives may, in principle, also be 
engaged in a rapid equilibrium with phenylacetylene, forming the corresponding base adduct prior to 
protonolysis or insertion. Contrary to insertion, however, initial base adduct formation is not required for 
protonolysis, whereas the reaction products reveal that only Cp*2LaC(Ph)=C(H)CCPh (24a) undergoes base 
adduct formation with phenylacetylene, followed by substrate insertion (vide infra). When 
Cp*2LaC(Ph)=C(H)CCPh undergoes insertion of phenylacetylene, a hexa-1,3-dien-5-yn-1-yl derivative is 
formed which is presently believed to undergo an intramolecular 1,3-H shift to yield an η3-propargyl/allenyl 
derivative (Section 4.4.2). Irreversible protonolysis of this η3-propargyl/allenyl derivative by phenylacetylene 





                                     







                         








The present findings led to the proposal that the resting state of the catalyst corresponds to the adduct 
Cp*2LaCCPh·PhCCH (20a-2a) and that intramolecular, alkyne insertion (k6 and k8) is rate-limiting in the 
catalytic dimerization reaction. When the effects of catalytic trimerization (i.e. k10 and k11 is small relative to k7 
and k9) and catalyst deactivation on the kinetic behavior are neglected (i.e. k3 and k4 are small relative to k6 and 
k8) relative to those of catalytic dimerization, the proposed mechanism of 1-alkyne oligomerization reduces to a 
simple scheme involving a pre-equilibrium, followed by reaction to product (eq. 4.12). This general mechanism 
is frequently observed in chemistry70 and enzyme kinetics.71 In a Henri-Michaelis-Menten description (eqs 4.12 
and 4.13; E = enzyme, S = substrate, P = product), the Michaelis constant KM = (k-1 + kp)/k1 refers to the overall 
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effectiveness of substrate capture summed over all catalyst species ([ET] = [E] + [ES]) and Vmax = kp[ET] refers to 
the maximum reaction rate. In a simple situation, such as equation 4.12, the effects of product inhibition, the 
(reverse) reaction of product to substrate and catalyst deactivation are assumed to be negligable. When the 
substrate-binding step is rapid relative to the rate of breakdown of the substrate adduct ES (i.e. k1 > kp k-1), KM ≈ 
KS, where KS = k-1/k1 refers to the dissociation constant for the substrate adduct. The rate at high substrate 
concentrations is zero-order with respect to [S] (KM < [S]), falling until it shows a first-order dependence in the 
limit of low [S] (KM > [S]). In the present situation, substrate capture is slow relative to the substrate-binding 
step (i.e. k1 > kp) and the reaction rate is zero-order with respect to [S] (KM < [S]). When the effects of reversible, 
nonproductive product coordination to the catalyst are included, standard rapid equilibrium analysis yields a 
modified Henri-Michelis-Menten equation, which reproduces the observed change from zero-order to first-order 
rate dependence on substrate concentration.72 
In general, reaction sequences involving pre-equilibria are conveniently analyzed in terms of initial 
rates. Such an analysis of the present catalytic system is seriously hampered by the present methodology (i.e. 
long relaxation times of the acetylenic proton in combination with rapid reaction times at practically meaningful 
catalyst concentrations) and the catalytic behavior of the present oligomerization reaction, however (i.e. 
concurrent catalyst deactivation, catalytic trimerization and product inhibition). Alternatively, it is possible to 
derive values for the catalytic reaction parameters kp and KM from linear ln([S]0/[S]t) versus time plots, if catalyst 
deactivation, product inhibition and the (reverse) reaction of product to substrate are practically absent. 
Obviously, the first two criteria are not met in the present catalytic system. Even so, an estimate of kp can be 
obtained from the intercept of the observed linear ln([S]0/[S]t) versus time plots (e.g. kp = 1.09(4) × 103 s-1 from 
Figure 4-5). The value of kp represents the maximum turnover frequency of the present catalyst.  
Under the assumption that the proposed reaction sequences leading to catalyst deactivation can be 
modeled by the irreversible formation of a catalytically inactive complex E* from ES (i.e. k3 large relative to k4), 
a simplified kinetic scheme for catalyst deactivation can be written as shown in equation 4.14. A standard 
steady-state approximation (i.e. kd smaller than kp, k-1 and k1, hence d[ES]/dt ≈ 0) yields equation 4.15. This 
scenario implies that rate dependence of catalyst deactivation (d[Cp*H]/dt = kd[ES]) on substrate concentration 
parallels that of catalytic dimerization (d[P]/dt = kp[ES]), because the rate of both processes is determined only 
by the corresponding reaction constants and the concentration of the substrate adduct ES. From this, it follows 
that the ratio of the corresponding reaction products remains constant throughout the course of reaction and that 
the ratio of the reaction constants kp and kd can, in principle, be determined from the ratio of the corresponding 
reaction products (eq. 4.16). The observations that the ratio ([11a]+[12a])/[Cp*H] is constant within 
experimental error (vide infra) and that the oligomerization reaction displays zero-order rate dependence under 
reaction conditions where catalytic dimerization dominates the kinetic behavior (vide supra) support the 
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The occurrence of concurrent catalytic trimerization and the experimental error in the final 
concentration of Cp*H do not allow an accurate determination of kp/kd, however (e.g. kp/kd = 3(1) × 103, based on 
selected data presented in Table 4-3). Even so, the present data reveal that the ratio ([11a]+[12a])/[Cp*H] is 
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constant within experimental error and suggest that intramolecular substrate insertion in 20a·2a is ~3000 more 
rapid than intramolecular protonolysis of 20a·2b leading to catalyst deactivation.  
The reaction products of the catalytic oligomerization reaction revealed that catalytic trimerization 
becomes more competitive with catalytic dimerization upon increasing the substrate concentration at constant 
catalyst concentration. This behavior is in accord with the observed change in kinetic behavior and the observed 
rate dependence on substrate concentration in the proposed mechanism where catalytic dimerization and 
trimerization are zero- and first-order rate dependent on substrate concentration, respectively. The proposed first-
order rate dependence of catalytic trimerization implies a rate-limiting intermolecular reaction with substrate. 
Both substrate insertion into Cp*2LaC(Ph)=C(H)CCPh (24a) (k11) and protonolysis of the η3-propargyl/allenyl 
intermediate by substrate (k13 and k14) rationalize this behavior. No Cp* 1H NMR resonances corresponding to 
24 were observed by in situ 1H NMR spectroscopy during catalytic substrate conversion of phenylacetylene 
under reaction conditions where significant catalytic trimerization takes place (Section 4.2.6). As a result, 
protonolysis of the η3-propargyl/allenyl intermediate is presently favored as the rate-limiting reaction step in the 
catalytic trimerization reaction.  
Even though a detailed quantitative analysis of the lanthanocene-catalyzed oligomerization reaction 
of phenylacetylene is precluded by the present methodology and the occurrence of several concurrent processes, 
the proposed mechanism of the permethyllanthanocene-catalyzed oligomerization reaction of phenylacetylene is 
supported by stoichiometric reactions of catalyst precursors, the identification of reaction intermediates and a 
plausible mechanistic interpretation of the observed kinetic behavior (Figure 4-10).   
4.5. Conclusions 
 
The present study demonstrated that the permethyllanthanocene-catalyzed oligomerization reaction of 
phenylacetylene proceeds via well-established elementary reactions, such as insertion of alkyne into a metal-
carbon σ-bond and protonolysis of a metal-carbon σ-bond by the acetylenic proton of the 1-alkyne. The 
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mechanism and the kinetics of the oligomerization reaction were found to depend strongly on catalyst structure, 
i.e. the metal ion size and the ancillary ligation (Cp*2Ln versus Me2Cp”2Ln). The precatalyst Cp*2LaCH(SiMe3)2 
performed best in catalysis, representing one of the most active and selective (pre)catalysts for the trans-head-to-
head dimerization of phenylacetylene reported in literature. On the basis of a kinetic study and the identification 
of the reaction intermediates, a plausible mechanistic scenario was proposed for the lanthanocene-catalyzed 
oligomerization reaction. This allows for a more comprehensive understanding of substrate effects to be 
discussed in the following chapter. 
4.6. Experimental section 
 
General considerations. For general considerations and physical and analytic measurements, see 
Sections 2.7 and 3.5. Phenylacetylene (Merck) was distilled from CaH2, passed through a plug of activated 
neutral alumina and stored at -40 °C under nitrogen. 
Typical NMR-Scale Catalytic 1-Alkyne Oligomerization Reactions Mediated by 
Cp*2LnCH(SiMe3)2 (Ln = La, Y) and Me2SiCp”2LnCH(SiMe3)2 (Ln = Ce, Y). (a) General procedure. A 
catalyst stock solution was prepared in benzene-d6. The amount of (pre)catalyst was weighted, while the volume 
of the solvent was determined using of volumetric glassware. In cases of relatively high substrate-to-catalyst 
ratios, a specified amount of cyclooctane was added with a microsyringe to the catalyst solution to serve as an 
internal standard. The catalyst stock solution was transferred into a vial with screw-cap and stored after use at 
-40ºC in the glovebox. The substrate was added with a microsyringe to the catalyst solution in the NMR tube. 
After substrate addition, the sample was inserted within 5 min (at room temperature) into the probe of the 
spectrometer and the reaction was followed by single-pulse, in situ 1H NMR spectroscopy, using appropriate 
long pulse delays (at least 300 s for the acetylenic proton of the substrate) to avoid signal saturation under 
anaerobic conditions. As soon as the substrate was consumed, the reaction mixture was analyzed with 
quantitative 1H NMR spectroscopy (appropriate long pulse delays and long experiment times so as to obtain 
reliable proton intensities and signal-to-noise ratios, respectively). Finally, the reaction mixture was quenched 
with methanol-d4, methanol, H2O or D2O and the final organic products were identified by 1H, 13C, 13C{1H} and 
2D NMR, GC, GC-MS and high-resolution mass spectroscopy. In most cases, the products were characterized in 
situ, but in some cases the major product could be isolated by performing several purification steps (i.e. filtration 
over a plug of neutral alumina using hexanes as eluent to remove inorganic solids, evaporation of volatiles, 
sublimation of dimers, fractional crystallization, vide infra). 
(b) Phenylacetylene (2a). As described above, 100.0 µL (910.5 µmol, 1071 equiv.) of 
phenylacetylene was converted by Cp*2LaCH(SiMe3)2 (0.85 µmol in 500.0 µL of benzene-d6) into a mixture of 
2,4-diphenylbut-1-en-3-yne (11a), trans-1,4-diphenylbut-1-en-3-yne (12a), 1,3,6-triphenyl-1,5-hexadiyne (15a) 
and 1,3,6-triphenylhexa-1,2-5-yne (16a). 
2,4-Diphenyl-1-en-3-yne (11a): 1H NMR (500 MHz, C6D6, 25 °C) δ 5.69 (d, 2JHH = 1.0 Hz, B), 5.75 
(d, 2JHH = 1.0 Hz, A), 6.97 (m, H + D), 7.09 (t, 3JHH = 7.6 Hz, E), 7.15 (t, 3JHH = 7.7 Hz, G), 7.43 (d, 3JHH = 7.3 
Hz, F), 7.72 (d, 3JHH = 7.2 Hz, C). 13C NMR (125.7 MHz, C6D6, 25 ºC): δ 89.33 (dd, 3JCH = 8.4 Hz, 3JCH = 14.8 
Hz, 3), 91.51 (t, 4JCH = 5.2 Hz, 4), 120.80 (dd, 1JCH = 159.4 Hz, 1JCH = 163.0 Hz, 1), 123.63 (s, 9), 126.57 (dt, 
1JCH = 158.5 Hz, 3JCH = 6.9 Hz, 6), 128.53 (dd, 1JCH = 154.3 Hz, 3JCH = 7.1 Hz, 11), 128.59 (8 + 12), 128.70 (dd, 
1JCH = 160.2 Hz, 3JCH = 7.4 Hz, 7), 131.29 (s, 2), 131.98 (dt, 1JCH = 150.2 Hz, 3JCH = 8.6 Hz , 10), 137.78 (s, 9). 
1H-13C gHSQC (500-125.7 MHz, C6D6, 25 ºC): A1, B1, C6, D7, E8, F10, G11, H12. 1H-13C gHMBC (500-125.7 
MHz, C6D6, 25 ºC): A2,3,9, B2,3,9, C2,6,8, D5,6,8, E6, F10,12, G9,11,12, H10. GC-MS, m/z (relative intensity): 204 (M+; 
100), 203 (M+ - H; 97), 202 (M+ - 2H; 97), 201 (14), 200 (12), 102 (10), 101 (23), 89 (9). 




















(E)-1,4-Diphenylbut-1-en-3-yne (12a): 1H NMR (500 MHz, C6D6, 25 °C): δ 6.29 (d, 2JHH = 16.3 Hz, 
B), 6.97 (d, 2JHH = 16.3 Hz, A), 6.99-7.00 (m, D + G + H), 7.08 (d, 3JHH = 7.1 Hz, F), 7.14 (E), 7.51 (d, 3JHH = 
7.5 Hz, C). 13C{1H} NMR (125.7 MHz, C6D6, 25 °C): δ 89.73 (d, 2JCH = 8.5 Hz, 3), 92.47 (q, 3JCH = 5.1 Hz, 4), 
108.55 (dd, 1JCH = 160.9 Hz, 2JCH = 2.2 Hz, 1), 124.15 (t, 2JCH = 7.9 Hz, 5), 126.57 (ddd, 1JCH = 158.2 Hz, 3JCH = 
11.7 Hz, 2JCH = 6.0 Hz, 6), 128.31 (dt, 1JCH = 161.1 Hz, 3JCH = 7.7 Hz, 8), 128.67 (dt, 1JCH = 160.5 Hz, 3JCH = 7.6 
Hz, 12), 128.71 (11/7), 128.89 (11/7), 131.80 (dd, 1JCH = 161.7 Hz, 3JCH = 6.5 Hz, 2), 136.58 (q, 2JCH = 6.4 Hz, 
3JCH = 6.4 Hz, 9), 141.63 (dq, 1JCH = 156.6 Hz,, 2JCH = 4.3 Hz, 3JCH = 4.3 Hz, 1). 1H-13C gHSQC (500-125.7 
MHz, C6D6, 25 ºC): A1, B2, C6, D7, E8, F10, G11, H12. 1H-13C gHMBC (500-125.7 MHz, C6D6, 25 ºC): A1,4,9, 
B3,6,10, C4,6,8, D5,7, E6, F10,12, G10,11, H10. GC-MS, m/z (relative intensity): 204 (M+; 100), 203 (M+ - H; 88), 202 
(M+ - 2 H; 85), 201 (M+ - 3 H; 13), 200 (M+ - 4 H; 11), 176 (6), 126 (6), 102 (8), 101 (M+ - 2 H - C6H5C≡ C; 18), 
89 (8), 88 (6), 76 (8). HR-MS: C16H12, calc.: 204.09390, found: 204.09436.  
1,3,6-Triphenyl-1,5-hexadiyne (15a): 1H NMR (500 MHz, C6D6, 25 °C): δ 2.78 (dd, 3JHH = 6.8 Hz, 
2JHH = 16.6 Hz, B, 1 H), 2.84 (dd, 3JHH = 6.8 Hz, 2JHH = 16.6 Hz, C, 1 H), 4.01 (t, 3J HH = 6.8 Hz, A, 1 H). 
Aromatic proton signals obscured. 13C{1H} NMR (125.7 MHz, C6D6, 25 °C): δ 29.65 (dt, 1JCH = 128.9 Hz, 3JCH = 
6.1 Hz, 4), 38.58 (dquint., 1JCH = 134.4 Hz, nJCH = 4.6 Hz, 3), 83.58 (s, 6), 84.59 (s, 1), 87.78 (s, 5), 90.84 (s, 2), 
124.06 (s, 7), 131.93 (d, 1JCH = 161.5 Hz, 10), 140.85 (s, 8). Other aromatic carbon signals obscured. 1H-1H 
gCOSY (500-500 MHz, C6D6, 25 ºC): ABC, BAC, CAB. 1H-13C gHSQC (500-125.7 MHz, C6D6, 25 ºC): A3, B4, C4. 
1H-13C gHMBC (500-125.7 MHz, C6D6, 25 ºC): A1,2,4,5,7,8, B2,3,5-8,10, C2,3,5-8,10. GC-MS, m/z (relative intensity): 
306 (M+; 6), 192 (M+; 19), 191 (M+ - C6H5C≡ CCH2; 100), 189 (M+ - C6H5C≡ CCH2 - 2H; 16), 165 (5), 115 (M+ 
- C6H5CHC6H5; 7). 
1,3,6-Triphenylhexa-1,2-diene-5-yne (16a): 1H NMR (500 MHz, C6D6, 25 °C): δ 3.51 (d, 5J HH = 2.8 
Hz, B, 2 H), 6.48 (t, 5J HH = 2.8 Hz, A, 1 H). Aromatic proton signals obscured. 13C{1H} NMR (75 MHz, CDCl3, 
25 °C): δ 22.34 (dt, 1J CH = 129.7 Hz, 4JCH = 3.4 Hz, 4), 99.43 (dt., 1J HH = 163.0 Hz, nJCH = 5.1 Hz, 3), 83.56 (s, 
3), 87.26 (s, 5), 106.69 (s, 6), 207.27 (s, 2). Aromatic carbon signals obscured. 1H-1H gCOSY (500-500 MHz, 
C6D6, 25 ºC): AB. 1H-13C gHSQC (500-125.7 MHz, C6D6, 25 ºC): A1, B4. 1H-13C gHMBC (500-125.7 MHz, 
C6D6, 25 ºC): A2,3,5,6, B2. GC-MS, m/z (relative intensity): 306 (M+; 100), 305 (68), 304 (15), 303 (22), 302 (22), 
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291 (28), 290 (23), 289 (41), 229 (85), 228 (84), 227 (28), 226 (43), 215 (50), 203 (26), 202 (38), 191 (26), 189 
(M+ - C6H5C≡ CCH2 - 2H; 25), 151 (20), 145 (22), 139 (19), 115 (M+ - C6H5CHC6H5; 13), 28 (35). 
Kinetic Studies of the catalytic oligomerization reactions. A catalyst stock solution was prepared 
by weighing the amount of precatalyst and dissolving the solid in a specified volume of benzene-d6, as 
determined by volumetric glassware. After preparation, the catalyst solution was transferred into a pre-weighted 
vial with screw-cap and weighted. For experiments with relatively high molar substrate-to-catalyst ratios, a 
specified amount of internal standard (cyclooctane) was also added with a microsyringe. After use, the catalyst 
stock solution was stored at -40 ºC in the glovebox. A 1H NMR experiment of the sample containing the catalyst 
solution (prior to substrate addition) ensured the presence of the prerequisite amount of catalyst after long-term 
storage or handling. 
In a typical experiment, an NMR tube was charged with 500.0 µL of a catalyst stock solution using a 
500.0-µL microsyringe. The volume of substrate needed for the kinetic experiment was calculated from the 
density (determined experimentally by weighing a specified volume of substrate by the use of a microsyringe) 
and this amount was added with a microsyringe to the catalyst solution. The time period between substrate 
addition and the start of an arrayed NMR experiment was measured for each experiment and found to be 
ususally in the range of 6-10 min. The time needed to transfer the sample tube from the glove box into the probe 
of the Inova-500 or Unity-400 spectrometer was ~5 min after substrate addition. Prior to sample insertion, the 
probe had been set to the appropriate temperature (T ± 0.2 ºC; checked with a methanol temperature standard).  
Data were acquired using one scan per time interval. Long time intervals (at least 300 s) were used to 
avoid signal saturation under anaerobic conditions. In most cases, the reaction kinetics were monitored from the 
intensity changes in the substrate resonance (the acetylenic proton) and in the product resonances over 3 or more 
half-lives on the basis of acetylene consumption. For experiments involving relatively low substrate-to-catalyst 
ratios, the substrate concentration was measured from the normalized integral of the acetylenic proton relative to 
that of CH2(SiMe3)2. The CH2(SiMe3)2 is present as a result of rapid and quantitative protonolytic ligand 
cleavage during catalyst generation. For experiments, involving (i) relatively high substrate-to-catalyst ratios, (ii) 
hydride and (iii) butatrienediyl catalyst precursors, the substrate concentration was measured from normalization 
of the acetylenic substrate signal against that of internal cyclooctane. The reproducibility of kinetic data, using 
different batches of substrate and catalyst stock solutions, was within 5%.  
The reaction of MeSi(C5Me4)2CeCH(SiMe3)2 with phenylacetylene. Phenylacetylene (39.6 µL, 
418 µmol, 25 equiv.) was added with a microsyringe to an NMR tube containing MeSi(C5Me4)2CeCH(SiMe3)2 
(10.0 mg, 16.7 µmol) in benzene-d6. Immediately, precipitation took place and 1H NMR spectroscopy indicated 
the sole presence of phenylacetylene in solution. The suspension was evaporated to dryness and suspended in 
benzene-d6. D2O (2.0 µL, 0.1 mmol) was added with a microsyringe. The resulting solution was characterized 
with GC/GC-MS and NMR spectroscopy and shown to consist of phenylacetylene-d1 and MeSi(C5Me4H)2. 
D2O and THF quenching experiment of the Cp*2LaCH(SiMe3)2-catalyzed phenylacetylene 
oligomerization reaction. Phenylacetylene (167.0 µL, 1758 µmol, 50 equiv.) was added with a microsyringe to 
a stirred benzene solution (2.0 mL) of Cp*2LaCH(SiMe3)2 (20.0 mg, 35.2 µmol) in a Schlenk vessel. Within 
several seconds, THF (143.0 µL, 1760 µmol) was added with a microsyringe. The reaction mixture was 
evaporated to dryness and the remaining solid was dissolved in benzene-d6. The major organometallic species 
present in solution was shown to be Cp*2LaCCPh(THF) by comparison of NMR data with an authentic sample 
(vide infra). D2O (2.0 µL, 0.1 mmol) was added with a microsyringe. The resulting solution was characterized 
with GC/GC-MS and NMR spectroscopy and shown to consist of 1-alkyne oligomers (11a, 12, 15a and 16a), 
THF, phenylacetylene-d1 and Cp*H.  
When THF (3.6 µL, 44 µmol, 5 equiv.) was added within several seconds after addition of 
phenylacetylene (48.3 µL, 440 µmol, 50 equiv.) to a benzene-d6 solution of Cp*2LaCH(SiMe3)2 (5.0 mg, 8.8 
µmol) in a Teflon-capped NMR tube, 1H NMR spectroscopy indicated that Cp*2LaCCPh(THF) was the only 
observable organometallic species in solution. The reaction mixture was evaporated to dryness to remove 
unreacted substrate and the formed solid was dissolved in benzene-d6. GC/GC-MS and NMR analysis after 
addition of D2O gave identical results as above. 
Typical NMR tube reaction of Cp*2LaCH(SiMe3)2 (5D) with phenylacetylene. Phenylacetylene 
(3.86 µL, 35.2 µmol) was added with a microsyringe to an NMR tube containing Cp*2LaCH(SiMe3)2 (20.0 mg, 
35.2 µmol) in benzene-d6. The resulting solution was characterized by NMR spectroscopy and shown to consist 
of [(Cp*2La)2(µ-PhC4Ph)] (22a), Cp*2LaC(Ph)=C(H)CCPh (24a), Cp*2LaC(H)=C(Ph)CCPh (23a), 2,4-
diphenylbut-1-en-3-yne (11a) and trans-1,4-diphenylbut-1-en-3-yne (12a). After addition of D2O, GC/GC-MS 
and NMR analysis indicated the presence of 2,4-diphenylbut-1-en-3-yne-1-d1 (11a-1-d1) and trans-1,4-
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diphenylbut-1-en-3-yne-1-d1 (12a-1-d1), 2,4-diphenylbut-1-en-3-yne (11a) and trans-1,4-diphenylbut-1-en-3-yne 
(12a), Cp*H and trans-1,4-diphenylbutatriene (27a), by comparison with reported spectral data.36a-c 
Cp*2LaC(H)=C(Ph)CCPh (23a): 1H NMR (1H NMR (500 MHz, C6D6, 25 °C): δ 1.93 (s, C5Me5, 30 
H), 6.69 (s, CH=, 1 H) ppm. Aromatic resonances obscured due to overlap. 13C NMR (125.7 MHz, C6D6, 25 °C): 
δ 11.27 (Cp*), 120.85 (CH=), 183 (LaC) ppm. The remaining 13C resonances were obscured by overlapping 
resonances. 1H-13C gHSQC (500-125.7 MHz, C6D6, 25 ºC): δ 1.93 ↔ 11.27, 6.69 ↔ 120.85. Reaction with D2O 
led to the formation of 2,4-diphenylbut-1-en-3-yne-1-d1 (11a-1-d1), as indicated by NMR and GC-MS analysis 
by comparison with spectral data of 11a. 
Cp*2LaC(Ph)=C(H)CCPh (24a): 1H NMR (1H NMR (500 MHz, C6D6, 25 °C): δ 1.97 (s, C5Me5, 30 
H), 7.74 (s, CH=, 1 H) ppm. Aromatic resonances obscured due to overlap. 13C NMR (125.7 MHz, C6D6, 25 °C): 
δ 11.27 (Cp*), 132.55 (CH=), 190 (LaC) ppm. The remaining 13C resonances were obscured by overlapping 
resonances. 1H-13C gHSQC (500-125.7 MHz, C6D6, 25 ºC): δ 1.93 ↔ 11.27, 7.74 ↔ 132.55. Reaction with D2O 
led to the formation of trans-1,4-diphenylbut-1-en-3-yne-1-d1 (12a-1-d1), as indicated by NMR and GC-MS 
analysis by comparison with spectral data of 12a. 
Typical NMR tube reaction of [Cp*2La(µ-H)]2 (25D) with phenylacetylene. Phenylacetylene 
(1.34 µL, 12.2 µmol) was added with a microsyringe to an NMR tube containing [Cp*2La(µ-H)]2 (5.0 mg, 6.1 
µmol) in benzene-d6. The resulting solution was characterized by NMR spectroscopy and shown to consist only 
of [(Cp*2La)2(µ-PhC4Ph)] (22a) (vide infra). After addition of D2O GC/GC-MS and NMR analysis indicated the 
presence of Cp*H and trans-1,4-diphenylbutatriene-1,4-d2 (by comparison with trans-1,4-diphenylbutatriene). 
Preparative-scale phenylacetylene oligomerization reaction catalyzed by Cp*2LaCH(SiMe3)2. 
Phenylacetylene (132.0 µL, 1.20 mmol, 68 equiv.) was added to a stirred hexane solution of Cp*2LaCH(SiMe3)2 
(10.0 mg, 17.6 µmol) in hexane (5.0 mL) in a Schlenk vessel. After stirring for 2 h at room temperature, the 
reaction was quenched by exposing the reaction mixture to air. The crude product mixture was filtered through a 
plug of neutral alumina (hexanes as eluent) to remove inorganic residues. After solvent removal by rotatory 
evaporation, trans-1,4-diphenylbut-1-en-3-yne (12a) was isolated as a white solid by vacuum sublimation (80 
°C, 1 mmHg). Yield: 83.0 mg (68%). IR (KBr, [cm-1]): 3027 (m), 2921 (m), 2781 (w), 2712 (w), 2358 (w), 1952 
(1), 1880 (w), 1615 (m), 1591 (m), 1485 (s), 1438 (m), 1280 (m), 1068 (m), 1023 (m), 949 (s), 748 (s), 689 (s), 
534 (m). Anal. Calcd. for C16H12 (204.27): C, 94.08%; H, 5.92%. Found: C, 93.85%; H, 5.95%. 
Catalytic oligomerization of phenylacetylene by Cp*2LaCH(SiMe3)2, followed by catalytic 
hydrogenation. Cp*2LaCH(SiMe3)2 (3.6 mg, 6.3 µmol) was dissolved in benzene-d6 (0.7 mL) and transferred to 
a Schlenk vessel. The reaction mixture was stirred for 1 h at room temperature after addition of phenylacetylene 
(500 µL, 4.55 mmol, 722 equiv.). Trimethylsilylchloride (3.0 µL, 24 µmol) was added and the reaction was 
stirred for 4 h at 50 º C. Then, the reaction mixture was subjected to catalytic hydrogenation (room temperature, 
12 h, 4 atm. of H2) using Pd/C (~10 mg). After hydrogenation, the mixture was filtered through a plug of neutral 
alumina and analyzed with NMR spectroscopy and GC/GC-MS. The presence of 1,3-diphenylbutane, 1,4-
diphenylbutane and 1,3,6-triphenylhexane was indicated by comparison of the spectral data (1H/13C NMR, MS) 
with reported data.74 
NMR tube reaction of [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (22a) with excess H2O. H2O (2.0 µL, 0.1 
mmol) was added with a microsyringe to an NMR tube containing [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (5.0 mg, 4.9 
µmol) in benzene-d6. An immediate color change from red to colorless was observed. NMR spectroscopy and 
GC/GC-MS analyis indicated the presence of trans-1,4-diphenylbutatriene (27a) and Cp*H. The presence of 
trans-1,4-diphenylbutatriene was established by comparison of the spectral data (1H/13C NMR, MS) with 
reported data.36 
NMR tube reaction of [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (22a) with 2,6-di-tert-butyl-4-methylphenol. 
2,6-Di-tert-butyl-4-methylphenol (1.3 mg, 5.9 µmol) was added to an NMR tube containing [(Cp*2La)2(µ-η3:η3-
PhC4Ph)] (6.0 mg, 5.9 µmol) in benzene-d6. An immediate color change from red to colorless was observed. 
NMR spectroscopy indicated the clean formation of Cp*2LaOC6H2tBu2-2,6-Me-4 (by comparison with reported 
NMR data37), accompanied by the formation of trans-1,4-diphenylbutatriene (27a), 2,4-diphenylbut-1-en-3-yne 
(11a), trans-1,4-diphenylbut-1-en-3-yne-1 (12a) and cis-1,4-diphenylbut-1-en-3-yne (13a). After addition of 
H2O (100 µL, 0.91 mmol), NMR and GC/GC-MS analysis indicated the presence of 11a, 12a, 13a, 27a, 2,6-di-
tert-butyl-4-methylphenol and Cp*H. 
NMR tube reaction of [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (22a) with THF. THF (0.50 µL, 6.2 µmol) 
was added with a microsyringe to an NMR tube containing [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (6.2 mg, 6.1 µmol) in 
benzene-d6. The reaction was followed for 16 h at room temperature, but no change was observed. Similarly, the 
addition of excess THF (4.5 µL, 56 µmol) did not result in a change in the reaction mixture as observed with 1H 
NMR spectropy after 1 day at room temperature. When the reaction mixture was increased to 80 °C, a color 
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change from dark-red to light-yellow was observed after 1 h. After 11 h, 1H NMR spectroscopy indicated the 
presence of Cp*2LaCCPh(THF) (by comparison with an authentic sample, vide infra) and unidentified Cp* 1H 
NMR resonances. D2O was added to reaction mixture and GC/GC-MS analyis indicated the presence of 
phenylacetylene-d1, Cp*D and small amounts of unidentified compounds (e.g. m/z = 107 and 205).  
Low-temperature reactions of Cp*2LaCH(SiMe3)2 and [Cp*2La(µ-H)]2 with phenylacetylene. A 
stock solution was prepared by dissolving Cp*2LaCH(SiMe3)2 (  mg,  µmol) in toluene-d8 (  µL). The solution 
was transferred into a pre-weighted vial with screw-cap and weighted. In a typical experiment, an NMR tube was 
charged with 500.0 µL of the stock solution using a 500.0-µL microsyringe. The NMR tube was connected to the 
high-vacuum line and a specified volume of substrate was condended onto the solution at -196 °C. After 
substrate addition, the tube was sealed off in vacuo and kept at -100 °C in a cooling bath of ethanol and liquid 
nitrogen. Prior to sample insertion, the tube was shaken and warmed quickly. When a homogeneous liquid 
formed, the sample was inserted into the probe of the Inova-500 spectrometer which had previously been set to -
50 °C (T ± 0.2 ºC; checked with a methanol temperature standard). Data were acquired using one scan per time 
interval. Long time intervals (at least 300 s) were used to avoid signal saturation under anaerobic conditions. The 
reaction kinetics were monitored from the normalized intensity changes in the Cp* resonance of the dimeric, 
alkynyl derivative [Cp*2La(µ-CCR)]2. In all cases, instantaneous formation of CH2(SiMe3)2 was observed and 
the intensity of its SiMe3 1H NMR resonance was used an internal reference. The reactions were performed twice 
and the reproducibility of the kinetic data was within 5%.  
Synthesis of [(Cp*2La)2(µ-η3:η3-PhC4Ph)] (22a). An aliquot of phenylacetylene (53.5 µL, 487 
µmol) was added with a microsyringe to a stirred suspension of [Cp*2La(µ-H)]2 (200 mg, 244 µmol) in hexane 
(20 mL). The pale yellow suspension turned dark red immediately. After being stirred for 1 h at room 
temperature, the resulting dark red solution was concentrated in vacuo and low-temperature crystallization 
afforded dark-red crystals. Yield: 203 mg (82%).  
1H NMR (500 MHz, C6D6, 25 °C): δ 2.06 (s, Cp*, 30 H), 6.79 (d, 3JHH = 7.3 Hz, o-CH, 2 H), 7.02 (t, 
3JHH = 7.5 Hz, p-CH, 1 H), 7.25 (t, 3JHH = 7.5 Hz, m-CH, 2 H). 13C NMR (125.7 MHz, C6D6, 25 °C): δ 11.49 (q, 
1JCH = 125.3 Hz, C5Me5), 120.56 (s, C5Me5), 126.84 (dt, 1JCH = 158.8 Hz, 3JCH = 7.6 Hz, p-CH), 129.30 (ddd, 1JCH 
= 157.8 Hz, 3JCH = 7.9 Hz, m-CH), 131.58 (dt, 1JCH = 158.8 Hz, 3JCH = 7.6 Hz, o-CH), 141.39 (s, i-C), 159.07 (s, 
LaCC), 217.31 (s, LaCC). 1H-1H gCOSY (500-500 MHz, C6D6, 25 ºC): δ 6.79 ↔ 7.25, 7.02 ↔ 7.25, 7.25 ↔ 
6.79-7.03. 1H NMR (500 MHz, C7D14, 25 °C): δ 2.03 (s, C5Me5, 30 H), 6.67 (dd, 3JCH = 8.1 Hz, 4JCH = 1.3 Hz, o-
CH, 2 H), 7.17 (tt, 3JCH = 7.4 Hz, 4JCH = 1.2 Hz, p-CH, 1 H), 7.35 (t, 3JCH = 7.6 Hz, m-CH, 2 H). 13C NMR (125.7 
MHz, C7D14, 25 °C): δ 11.25 (q, 1JCH = 125.1 Hz, C5Me5), 120.36 (s, C5Me5), 126.39 (d, 1JCH = 126.3 Hz , p-CH), 
128.8 (dd, 1JCH = 158.2 Hz, 3JCH = 7.8 Hz, m-CH), 131.45 (dt, 1JCH = 153.3 Hz, 3JCH = 7.1 Hz, o-CH), 141.40 (t, 
3JCH = 7.7 Hz, i-C), 158.86 (s, LaCC), 217.15 (s, LaCC). 1H-13C gHSQC (500-125.7 MHz, C7D14, 25 ºC): 2.03 ↔ 
11.25, 6.67 ↔ 131.45, 7.17 ↔ 126.39, 7.35 ↔ 128.95. 1H-13C gHMBC (500-125.7 MHz, C7D14, 25 ºC): 2.03 ↔ 
120.36, 6.67 ↔ 217.15-131.45-126.39, 7.17 ↔ 131.45-128.95, 7.35 ↔ 141.41-128.95. Anal. Calcd. for 
C36H70La2 (780.76): C, 55.38%; H, 9.84%. Found: C, 55.25%; H, 9.72%. 
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